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Abstract 
 
 
Heterogeneous catalyst based pellets typify a material where functionality is dependant on 
hierarchical pore structures spanning many orders of magnitude from nanometers up to tens 
of microns. The total activity, selectivity and lifetime of catalyst based pellets depends on 
the ability of molecules to flow through a large pellet bed (m), into the pellets (mm) and 
their pore structure (μm-nm) to/from the active sites. Three dimensional imaging 
techniques such as tomography allow for the direct characterisation and quantification of 
pore structures. However, the field of view in tomography decreases as resolution increases. 
This work circumvents this issue with multiscale tomography (MT) combining x-ray 
microtomography (XMT), dual beam focused ion beam tomography (DB-FIB) and electron 
tomography (ET) to probe porous pellet based catalysts.  
 The results show MT as a viable method that offers new insights into the 
quantification and behaviour of pellet based catalysts across large length scales, all in three 
dimensions (3D), that no single tomographic technique can adequately capture. MT was 
successfully used in the characterising of pore sizes, distributions, structures and spatial 
relationships and this was compared to existing multiscale characterisation techniques to 
illustrate the new insights that can be obtained. The pore structures were meshed and 
modeled using MT data to provide results for understanding the transport properties scaled 
up from the nanometre length scale to the packed bed, through pellet based catalysts 
produced under different manufacturing conditions. The results show the very strong 
dependence on the calcining temperature which is important for designing better catalysts 
in future. The tomography data was also used to determine thermal/mechanical stresses at 
both a pellet and pellet bed level. Although many stresses are compressive; the packing of 
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the pellets creates local tensile stresses and a potential cause for pellet failure through 
internal flaws at relatively low loads.  
 In summary, multiscale tomography was demonstrated to be a viable method for 
obtaining new insights for the development of pellet based catalysts by both improved 
quantification and allows for the first time direct 3D multiscale simulation of transport and 
mechanical properties across multiple scales from nanometers to metres to catalyst pellets 
in beds. 
. 
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The nature of human knowledge 
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Glossary of Common Terms 
 
The meanings of common terms used in this thesis are outlined below. 
 
Active Site: Location on a catalytic surface where a chemical reaction occurs.  
Adaptive Threshold: A point operator within image processing that varies threshold 
dynamically across an image.   
Contrast: The ability to distinguish features in an image from the background, typically the 
result of physical interactions between the incident wave on the specimen and the 
specimen. 
DB-FIB: Dual Beam Focused Ion Beam Tomography. A tomography technique that uses 
slice and view in a microscope fitted with a scanning electron and focused ion beam 
column. 
Depth of Field: A measure of how much of an object remains in focus for a particular set 
of optics. 
ET: Electron Tomography. A tomography technique that uses electrons to form projection 
images of the sample, typically within a transmission electron microscope. 
Field of View: Quantity of the observable area on a sample for a particular set of optics. 
HAADF: High Angle Annular Dark Field; an imaging technique used within STEM which 
acquires images produced by incoherent and highly scattered electrons. 
Mesh: A connected network of nodes and elements which describe a complex geometric 
shape or topology suitable for finite element analysis. 
Multiscale: A length scale which spans several orders of magnitude. 
Projection: A two dimensional transmission representing a three dimensional object.  
Resolution: The spatial ability to distinguish two points as being separate, typically 
determined by the Rayleigh criterion. 
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Slice: A single two dimensional instance of a three dimensional object e.g. a single image 
in a sequence that describes the three dimensional object. 
Slice and View: A slice of the sample surface revealed for observation following the 
removal of material from the sample surface repeated in a sequential manner. 
Sputtering: The removal of matter from a sample surface, typically using an ion beam. 
STEM: Scanning Transmission Electron Microscopy. A specific imaging mode within a 
transmission electron microscope which utilises a convergent beam on the sample surface, 
which is then rastered across the specimen surface.  
TEM: Transmission electron microscopy. A microscopy technique that forms images of a 
specimen based on electron transmission signals.   
Transport Properties: The ease of molecular movement through a catalyst pore structure. 
Threshold: An image processing technique used to distinguish and separate features of 
interest in an image.  
Tomography: A three dimensional imaging technique; it acquires sufficient data to allow 
three dimensional reconstruction of an object. 
Visualisation: The display of reconstructed three dimensional tomographic data.  
Watershed: An image processing technique used to separate neighbouring features from 
one another. 
X-ray Tomography: A tomography technique that uses x-rays to form projection images 
of the sample, e.g. x-ray micro-tomography.  
Z-Contrast Microscopy: A specific imaging mode in STEM using the HAADF detector to 
detect highly scattered electrons.  
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Chapter 1 : Introduction 
 
1.1 Background 
 
The basic precept of tomography is sampling an object through slices. In a strict sense of 
the word, it refers to the reconstruction of a three-dimensional (3D) object or its interior 
using cross-sectional projection data. Conventionally, tomography was further narrowed 
into the context of objects imaged at multiple angles around a full 360° rotation using a 
single axis geometry. Certainly this definition was suitable for early forays into this field. 
However, recent usage of the term has been forced to become more liberal as the field 
continues expanding, with many axis geometries now considered and even pseudo-
tomographic techniques – e.g. dual beam focused ion beam tomography is now using the 
same terminology. An umbrella term, 3D imaging is often used in conjunction with 
tomography to describe techniques which characterise materials in all spatial directions. 
This dissertation therefore uses the term tomography broadly, for a 3D imaging technique 
that acquires data, ideally based on projections from multiple angles/axis, but which 
sufficiently samples an object of interest to allow for three-dimensional reconstruction.     
 
The advantage of tomography is that it avoids potential confusion in interpretation of 
two-dimensional (2D) images. It is worthwhile considering Plato’s simile in a tomographic 
reconstruction as the man in a cave who can only watch shadows on the wall and is unable 
to comprehend reality. This is a well known problem, particularly in microscopy and 
especially since all objects in nature are 3D and not 2D. Figure 1.1 illustrates the problem 
analogous to an example by Frank [1].     
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Figure 1.1 The 3D structure of an object cannot be easily inferred from a single projection after [2] 
 
Typically tomographic techniques use projections created from transmission signals e.g. 
x-rays/ electrons that have passed through a sample. The problem of reconstructing a 3D 
object from projections relates to imperfect discrete sampling of continuous data. 
Therefore, factors which are important in good quality resolution of a 3D reconstruction 
include the sampling density of the object – i.e. a large number of projections, taken at 
multiple angles. Furthermore, the contrast of the projection needs to be directly attributable 
to a single physical cause of having passed through the specimen. In reality both of these 
issues are difficult to meet and many approaches have been developed to overcome 
particular problems in tomography as will be discussed in further detail in the literature 
review.  
 
 19
1.2 Developments 
 
The emergence of tomography owes itself to significant developments in numerous fields. 
The first cornerstone was laid by the mathematical solution to the reconstruction problem 
found by Radon in 1917 [3, 4]. The idea of 3D reconstruction was first implemented by 
Bracewell in the field of Astronomy before the revolutionary impact of x-ray computer 
axial tomography (CAT) by Housfield and Cormack in diagnostic medicine in the 1970s [5, 
6]. The work demonstrated tomographic techniques could be used to produce good quality 
3D reconstructions without strictly fulfilling all theoretical requirements. The problem of 
studying small samples at higher resolutions was resolved by Feldkamp et al in 1984 [7] 
through a microfocus x-ray source, florescent screen and sensitive camera thereby 
inventing micro x-ray tomography, capable of resolutions ≤ 100 µm. The branch of micro 
x-ray tomography was further developed by Elliot and Dover producing the first generation 
of X-ray microtomography scanners using a thin collimated x-ray beam to produce x-ray 
attenuation projections within diagnostic medicine [8-10]. Tomography was later aided by 
the development of backprojection algorithms which considerably reduced processing 
times needed for reconstruction [11]. Accuracy of reconstructions was improved through 
new algorithms to deal with the problem of inadequate data sampling [12]. Following x-ray 
tomography, another important step was taken when Klug and DeRosier utlised the same 
approach with electrons. The problem of tilting within electron tomography still remains an 
issue although this was helped by the development of new algorithms for both data 
sampling, and understanding anisotropic resolution [13-15]. Tomography was further 
helped by the development of better image processing, alignment tools and improving 
microscopy hardware [12, 16]. Simultaneously, developments for small probe sputtering by 
liquid metal ion sources (LMIS) in the focused ion beam (FIB) instruments opened new 
opportunities for pseudo-tomographic 3D data analysis. This finally came of age in the late 
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1990s when incorporated with a scanning electron microscope column to allow “slice and 
view” tomography [17].  
 
Despite this, pace of tomographic development and diversification into fields other than 
biology remained relatively slow. The largest breakthrough came from a computational 
standpoint in the 1990s – processing power, software and affordability allowed for both 
increased automation and larger data sizes to be analysed. The subsequent growth of 
tomography into many different fields can be attributed to the advantages tomography 
offered over 2D imaging. The structural relationships between bodies/objects can be seen, 
spatial distribution, feature sizes and other specimen information can be gathered; in most 
cases this can be achieved without destroying the original object. Different tomographic 
techniques are increasingly being used to study biology, geology, fossils, metals, foams, 
catalysts and other materials [18-22]. Many of the problems and developments in 
tomography discussed in this and preceding section 1.1 still remain an issue and form an 
active area of concurrent research – including hardware, software, algorithm, etc. 
development [23-25]. This thesis will endeavour to contribute towards overcoming some of 
the issues in tomography. 
 
1.3 Utilising Tomographic Techniques 
 
For materials science the importance of macro/micro/nano structure and its subsequent 
influence on properties observed remains a fundamental postulate. All catalysts serve to 
increase the rate of reaction without taking part in the reaction themselves; therefore they are 
integral to many areas from meeting our energy needs to life. Heterogeneous pellet based 
catalysts represent a material where functionality is dependant on the flow of reactant/product 
molecules through complex 3D hierarchical pore structures spanning sizes from nanometres up 
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to millimetres.  These pellet based catalysts are used in the hydrocracking of petroleum and 
form part of a multi-billion pound industry. During refining, the hydrocracking process serves 
to produce smaller hydrocarbon molecules and/or hydrogenate molecules. There are many 
types of hydro-cracking employed and pellet based catalysts are often specific to a particular 
chemical reaction and conditions used. Modern pellet based catalysts are often multifunctional 
– e.g. a single pellet based catalyst will perform hydrocracking, isomerisation, hydrogenate, 
selectivity, etc. Essentially pellet based catalysts used in the petroleum industry break large 
carbon chains into smaller desirable carbon chained products through multiple chemical steps. 
This is discussed in many sources of literature [26]. If better catalysts are to be developed for 
meeting our future energy needs, then it becomes important to characterise them in 3D and 
understand their behaviour. 
 
There are many different tomographic techniques available with different resolution 
capabilities. The resolution refers to the distance at which two neighbouring points within a 
projection can be distinguished as being separate according to the Rayleigh criterion. However, 
as resolution is increased, the field of view decreases. This problem can be circumvented 
through multiscale tomography (MT) using (i) x-ray micro tomography (XMT), (ii) dual beam 
focused ion beam tomography (DB-FIB) and (iii) electron tomography (ET) together in 
bridging the length scales across which the pellet based catalysts function. In all cases, final 
images used for reconstruction are largely a monotonic function of a single physical effect, 
making it possible to distinguish features of interest from the bulk – e.g. pores important for the 
flow of reactant/products in a pellet based catalyst. Many Laboratory-XMT instruments are 
capable of resolutions approaching 1-2 μm and reconstructing bulk volume of a pellet based 
catalyst. Synchrotron XMT is capable of higher resolutions <<1 μm with better signal to noise 
ratio. The latest state of the art Laboratory based-XMT have helped improve resolutions 
~50 nm through the use of x-ray optics although reconstructions suffer from poor signal to 
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noise ratio which can adversely effect the reconstruction. DB-FIB can be used to resolve 
structures at tens of nanometres in 3D but a larger volume than possible by ET. However, 
despite a smaller field of view, ET can be used to carry out 3D reconstructions ~1 nm in size. 
The information they provide can be used to increase our understanding of pellet based 
catalysts. These techniques will be discussed in further detail later in this thesis.    
 
1.4 Thesis Outline 
 
This dissertation proposes to show multiscale tomography (MT), using XMT, DB-FIB and ET 
together as a viable method of increasing our understanding of materials where functionality is 
dependant on 3D structures at multiple length scales such as the hierarchical pore structure in 
pellet based catalysts. The data from each tomographic technique outlined above can be 
integrated and used together rather than separately. Each tomographic technique provides 
information at different resolutions and fields of view. Through attempting to overcome this 
challenge of using multiple datasets together across length scales, it becomes possible to more 
accurately represent pellet based catalysts as they function in 3D; without parts of the catalyst 
examined in isolation from one another. Thereby this work aims to show useful quantitative 3D 
information can be gathered, the pellet based catalysts can be characterised and modelled to 
provide new insight into how they function across large orders of magnitude in scale. Thusfar, 
this work has not been carried out before and is applicable towards other functional materials 
where similar information of both bulk and fine structures is simultaneously required. 
 
A critical review of relevant work in tomography and instrumentation will be presented in 
Chapter 2 alongside the mechanism through which heterogeneous catalyst based pellets 
function. The characterisation and quantification of hierarchical pore structure across large 
length scales in catalyst based pellets through MT will be carried out and compared against the 
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current industrial standards in Chapter 3. The viability of MT to provide significant new 
insights will be assessed. In Chapter 4, the 3D MT data will be used to model and understand 
fluid flow through pores that govern transport properties in catalyst based pellets across large 
length scales. The effect of different processing routes and the subsequent effect on transport 
properties will be assessed. In Chapter 5, the effect of stresses on catalyst based pellets within a 
pellet bed will be assessed to provide an insight into potential causes of pellet failure that can 
affect fluid flow both across the pellet bed reactor and within the pellet themselves. Chapter 6 
provides the conclusions found using MT about the behaviour of catalyst based pellets. Finally, 
Chapter 7 provides suggestions for future research based on MT and this work. 
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Chapter 2 : Literature Review 
 
2.1 Introduction 
 
Radon in 1917 mathematically outlined the possibility of three dimensional object 
reconstructions from two dimensional images [3, 19, 27, 28]. According to his theorem, if 
an object (A) is considered with a function f(x,y) in two dimensions, then a line integral (L) 
of a normal at a given angle (θ) of the object can be taken. An infinite number of these 1D 
line projections for all angles describes the object and, it is possible to reconstruct the 
original f(x,y). Therefore, for all lines L with given length ds [18, 28] as the object can be 
described as in equation 1: 
 
 Lf dsyxfR 0 ),(          (1) 
 
The detailed mathematics and proof behind this is beyond the current scope of this work [3, 
29]. All modern reconstruction algorithms are approximations to this theorem. Through 
taking the inverse Radon transformation the original object may be retrieved. Therefore, 
transmission projections acquired through experiments can describe complex three 
dimensional (3D) objects. Essentially, this is tomography. However, the Radon 
transformation relies on a complete and continuously sampled object. Naturally, the finite 
number of projections obtained of an object in reality will be insufficient. Many projections 
at different angles give an increased sampling of Radon space and better reconstruction. 
 
The Fourier and Radon transform are analogous and may be treated as such. The Fourier 
transform of a two dimensional projection of a 3D object is equivalent to a central slice 
passing through the origin in the two-dimensional Fourier space at the very same angle. 
This is known as the Fourier projection slice theorem [3, 30]. It is possible to build up a 
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three-dimensional Fourier transform of the object by adding planes at different angles 
within Fourier space. Each projection will equate to part of the object’s Fourier transform 
and the shape of the object will only be partially described at that angle. The original object 
can be recovered through inversion of Fourier space into the object space domain. 
However, an accurate reconstruction of a three dimensional object will only be given 
provided a sufficient number of projections, at the correct corresponding angles are present 
in the data. The superposition of the back-projections can reveal the three-dimensional 
reconstruction of the original object. This is known as the direct Fourier reconstruction 
(DFR) or direct back-projection (DBP) [3, 30-33].  
 
 
In practice, there are a number of shortcomings to this method and the projection theorem is 
important in understanding how sampling deficiencies result in the partial absence of 
information in the reconstructed object. Sampling at discrete angles leaves regular gaps in 
Fourier space which is shown in Figure 2.1.Therefore, radial interpolation is required to fill 
in the gaps in Fourier space [34]. The density of radial points decreases as one gets further 
away from the centre. Consequently, with DBP, reconstructions are blurred due to 
oversampling of low frequencies. It is possible to correct for this problem in Fourier space 
using weighting filters. Hence, the frequency distribution is improved and blurring removed 
in real space; this technique is known as the filtered back-projection (FBP) or weighted 
back-projection (WBP) [14, 35]. Likewise, missing projections termed the “missing 
wedge” in the electron tomography (ET) results in feature elongation in the depth direction 
and resolution corrections [15, 18, 23, 24, 36, 37].   
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Figure 2.1 Example of Fourier Space with discrete data points at multiple angles 
 
 
Therefore, for images to be suitable for reconstruction using tomography the following 
criterion needs to be met. The projection acquired experimentally must meet the projection 
requirement – i.e. the transmission signal acquired must be a monotonic function of a single 
physical effect of the sample. Image contrast can then be directly attributed to sample 
features [27, 30]. This is particularly important when choosing imaging modes in electron 
tomography. 
 
 
After the groundbreaking work of Cormack and Hounsfield [38], which led to the 
widespread use of computerised axial tomography (CT or CAT) within diagnostic medicine 
using x-rays, the field has continued to grow with developments in new areas.  From Figure 
2.2 it is possible to see the different types of tomographic techniques available and the 
resolutions across which they operate, including x-ray tomography (XMT), dual-beam 
focused ion beam “slice and view” tomography (DB-FIB) and electron tomography (ET).  
It is clear to see as resolution increases the field of view decreases. Each particular 
tomographic technique can provide information at different length scales for different 
volume sizes. By combining tomographic techniques, then a large length scale can be 
Data points on a 
plane at an angle   
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covered to probe hierarchical pore structures in functional materials such as catalyst based 
pellets. 
 
 
 
 
Figure 2.2 Representation of different tomographic techniques with their typical resolution and field of view 
capabilites 
 
 
2.2 X-ray Microtomography (XMT) 
 
 
Characterisation using x-ray microtomography (XMT) is a non destructive, three-
dimensional (3D) imaging method. The use of tomography at this length scale for probing 
hierarchical pore structures in pellet based catalysts has been rarely employed as (i) greater 
interest was previously focused at the chemical length scales and (ii) the relative ease of use 
of alternative characterisation methods such as mercury porosimetry was preferred at larger 
length scales. However, a significant problem with indirect methods of characterisation 
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such as porosimetry has been the interpretation of results. Even if good agreement between 
several identical porosimetry experiments exists; it remains difficult to understand the three 
dimensional pore structure of the pellet based catalyst and many authors acknowledge this 
[39, 40]. In comparison XMT, has attained widespread use for analysing the 
microstructures of many materials [31, 33, 41, 42]. Typically, XMT involves using x-ray 
beams to produce projections of an object as it is rotated through different angles recorded 
on CCD detectors before 3D reconstruction using weighted backprojection or iterative 
methods [33].  
 
2.2.1 Linear Attenuation Coefficient 
 
For multi-phase materials, the internal porous microstructure of the XMT projections is 
distinguished from bulk material since the resulting contrast in projections is attributable to 
the difference of linear attenuation coefficients between different material phases present in 
the object. The larger the difference between linear attenuation coefficients, the better the 
corresponding image analysis [30]. Importantly, XMT is possible as the resulting contrast is 
a monotonic function (for a monochromatic beam) depending on the material the x-ray has 
passed through. 
 
Taking a material of thickness (x), which is incrementally increased (Δx) while N 
monochromatic photons pass through it, only N + ΔN photons (where ΔN is negative) will 
emerge from the other side of the material unaffected. This is given by the equation 2 [30], 
 
 

xN
N 1          (2) 
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The –  and –σ represent the photon loss rate due to absorption and Compton scattering 
during interaction with the specimen respectively. This can be incorporated together to 
give, 
 


xN
N 1          (3) 
  
Through manipulating the equation and taking an integral we can arrive at equation 4. 
 
x
oeNxN
)(          (4) 
 
This is often expressed as the Beer-Lambert law shown in equation 5. 
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         (5) 
 
Where N0 is the number of photons incident on the specimen (the incoming source x-ray 
intensity, I0) and N (or I) is the number of photons leaving the specimen. It is assumed μ 
remains constant, which means the sample is a simple homogeneous material [30, 43]. In 
most materials this is not the case and many different phases may be present [30, 43]. In 
such cases μ is a function of position. For example, in a 2D cross-section through a sample 
the function changes to become μ(x,y) and assuming a sufficiently narrow beam width is 
used then the number of photons exiting the specimen given by Nexit is related to the 
number entering (Nin) [30] where ds is an element of length as shown by equation 6. The 
integration is carried out along the x-ray path as it passes through the specimen.  
  


 rayinexit dsyxNN ),(exp         (6) 
 
The attenuation also depends on the incident photon energy [31, 32, 43]. Hence for a 
polychromatic energy source the equation becomes [30], 
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Where Sin(E) represents the spectral density of the incident photons (or the total number of 
photons within a given energy range).  
 
As the photoelectric effect is the dominant interaction at low x-ray energies (<100 keV), 
low energy x-rays are more sensitive to compositional variation than higher energy x-rays 
[44, 45]. The linear attenuation coefficient of an element is often divided by the density of 
the element (known as the mass attenuation coefficient often expressed as μ/ρ or μm). The 
advantage of expressing μ/ρ is that the attenuation coefficient is now independent of density 
and can be compared with other mass attenuation coefficients of other elements. 
Differences in the linear attenuation coefficients within a specimen are responsible for the 
XMT feature contrast obtained [30-32]. Typical graphs of attenuation coefficients as a 
function of photon energy for materials of interest (those which make up the catalyst 
specimens) are shown in Figure 2.3 [46].  
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Figure 2.3 x-ray attenuation coefficients of silicon, aluminium, titanium and oxygen as a function of photon 
energy with typical XMT energies of 20 keV and 120 keV 
 
Catalysts often contain these elements in the form of oxides, with air occupying open 
porosity. Typical graphs of attenuation coefficients as a function of photon energy for 
oxygen and air are shown in Figure 2.4 as attenuation data relating to particular catalyst 
oxide groups across a large range of photon energies is not available. 
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Figure 2.4 x-ray attenuation coefficients of oxygen and air as a function of photon energy with typical XMT 
energies of 20 keV and 120 keV 
2.2.2 Field of View and Resolution 
 
As shown in Figure 2.2 there is often a trade-off between the field of view (FOV) and 
resolution [31-33]. Typically, computerised tomography using x-rays may be categorised 
into conventional (resolution 10-3 m), high resolution (10-4 m) and micro resolution (XMT, 
10-6 m) [33].  
 
The resolution of electromagnetic radiation is given by the Rayleigh criterion [32, 47-49]. 
In XMT, the contrast in projections may be increased as the incident x-ray energy is 
reduced. However, as this also reduces image resolution and specimen penetration by the x-
ray, often a suitable compromise is used [33]. The finer penumbra in XMT due to the 
smaller x-ray source than conventional computerised tomography [33] helps to improve 
feature sharpness. The spatial resolution of XMT reconstructions is determined by many 
factors including the type of x-ray source, use of x-ray lenses/optics, CCD detector and 
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source-object-detector distance [33, 50]. A higher beam intensity yields a better signal to 
noise ratio, but requires a larger spot size which reduces resolution [31, 33].    
  
In XMT, there are many types of imaging artifacts and all impede reconstruction accuracy 
[30]. These are typically beam hardening, ring and streak artifacts [45]. If x-ray penetration 
is not uniform through the specimen then beam hardening occurs. This issue can be 
overcome in part through smaller specimen sizes and corrections during reconstruction. 
Ideally, a monochromatic x-ray beam is the most preferred option [33]. Ring artifacts are 
caused by defective pixels within the CCD detector. As they occur in a constant position 
during acquisition; algorithms during reconstruction can remove them effectively. 
Streaking occurs when there is a sudden large difference in attenuation between one phase 
and another. Additionally, if a sample feature only occupies part of the beam which is later 
detected on the CCD, then the average intensity of the whole voxel is not correct and gives 
rise to partial volume artifacts [30, 45].  
 
There are many different types of geometries and x-ray sources used in XMT (Figure 2.5). 
The most utilised are synchrotron XMT and cone-beam laboratory XMT. Synchrotron 
sources offer significant advantages over laboratory sources. High-flux synchrotron sources 
enable parallel, monochromated illumination which minimises artefacts, provides excellent 
signal to noise (S/N) and achieves high spatial resolution (<100 nm) [31, 51, 52]. However, 
these facilities are expensive to build and beam time is therefore limited. Laboratory XMT 
sources have lower flux and a higher energy spread with modern Laboratory XMT often 
achieving a spatial resolution of 1-2 μm (Figure 2.2 and Figure 2.5). Although increased 
interest in laboratory XMT has seen a number of commercial companies developing higher 
resolution (50-100 nm) systems through the use of x-ray optics; a current limitation being 
poor signal to noise. Laboratory sources are however considerably cheaper and more 
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accessible than synchrotron sources. Both are being continually improved but as spatial 
resolution is improved, the field of view often decreases [31-33]. Recent work in this field 
has demonstrated datasets may be stitched together as a way to increase the FOV while 
maintaining a high x-ray resolution [53].   
 
Figure 2.5 Schematics of typical x-ray microtomography acquisition geometries [33] 
 
Bulk characterisation of catalyst pellets can therefore be carried out using XMT and used 
with the higher resolution but smaller FOV of both dual beam tomography and electron 
tomography. 
 
2.3 Dual Beam Focused Ion Beam Tomography (DB-FIB) 
 
The first focused ion beam (FIB) instruments were developed over 30 years ago. Since their 
inception they have been utilised in a variety of different applications and this section will 
specifically cover their use for slice and view tomography. Essentially FIB instruments 
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raster an ion beam over a specimen surface under vacuum, milling away specimen surface. 
Vacuum is important to allow the ion beam to travel to the surface of the specimen. The 
ions are generated using liquid metal ion sources (LMIS) developed around the 1980s, this 
is typically gallium owing to its favourable chemistry over other elements [54, 55]. The 
ions are extracted using an electric field across a gallium wetted tungsten needle. The size 
of the field emission source of ions is around 5-10 nm [56] on the tungsten needle. 
 
 
Accelerated Ga+ ions impact on the material sample and kinetic energy is transferred to 
specimen atoms in collisions. These collisions remove physical material (known as 
sputtering/milling) from the surface of the specimen as well as causing ions, electrons and 
electromagnetic radiation to be emitted. Often the sputtered material is deposited elsewhere 
on the specimen, but a trench is created locally. The Ga+ ions may become implanted in the 
specimen, cause atomic translational changes (cascades) or deposit on the surface of the 
material. Therefore before sputtering a protective platinum film of 1μm is usually deposited 
on the surface area of the volume of interest. This serves to protect against Ga+ ion 
implantation and deposition on the newly cut surface. The platinum also helps charge 
conduction and prevents unwanted waterfalls or curtaining. These affects are artifacts 
caused by local charges or phase differences in the material and reduce the accuracy of a 
final three dimensional reconstruction. Finally, clear fiducial markers can be placed in the 
platinum film; this is useful for image alignment purposes of three dimensional datasets 
[17, 57-59]. 
 
The advent of dual beam focused ion beam (DB-FIB) tomography has opened new 
opportunities. These instruments combine an ion source with a field emission electron 
column. The ion source is usually at an angle of 52° to the electron source. The electron 
beam can be used for imaging while ion milling occurs simultaneously. The columns are 
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arranged so the two beams are coincident on the specimen at eucentric height. For slice and 
view the Ga+ is only used for milling and the specimen is tilted so that its top surface (x-z 
plane) is normal to the ion beam (y-direction). Sections can then be sputtered away (z-
direction) and subsequently imaged (x-y plane) using the electron column without 
reorientation of the specimen [17, 59]. The principle geometry is shown in Figure 2.6. 
Many regions of the specimen may be examined quickly before a good site is chosen. The 
ion beam mills a section of surface away and can clean it through polishing. This allows for 
sub-surface information to be revealed. The process can be repeated through scripts to 
control the beam, milling dimensions and imaging until a block of volume is analysed. The 
volume is aligned using fiducial markers [17, 59]. 
 
 
 
Figure 2.6 Schematic of dual beam focused ion beam tomography geometry with U shaped trench 
surrounding region of interest 
 
2.3.1 Field of View (FOV), Resolution and Geometric 
Considerations 
 
Both the field of view and resolution of a reconstructed volume depends on a number of 
factors. Strictly speaking, DB-FIB is pseudo-tomography as it requires a linear 
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interpolation of features between slices for which there is no information. Furthermore it is 
destructive to the sample volume that is analysed. These considerations mean the thickness 
of sputtered sections (slices) must be relatively small compared to the feature sizes of 
interest. A good measure is 10 slices per feature for characterisation. It is good practice to 
have a sectioning depth similar to in plane resolution [17]. The “slice and view” process is 
repeated until a regularly spaced set of images through the block is obtained [17, 56]. The 
face of the block is typically 50-100 μm2 with a thickness in the range 10-100 μm (Figure 
2.6-Figure 2.7). The larger the volume studied, the greater the time needed to acquire the 
data and this is often a limiting factor. Using higher beam currents helps increase sputtering 
rate. However, this often decreases the milling precision [17]. 
 
 
 
Figure 2.7 Schematic of dual beam focused ion beam tomography using slices through an object after [59] 
 
 
Typical DB-FIB geometries use a “U” shape trench as shown in Figure 2.6.and detailed in 
other studies [59]. The trench helps ensure redeposition of material stays away from the 
specimen face. Furthermore, the influence of side walls in shadowing the face being imaged 
is also reduced. However, contrast variation in an acquired image is still a problem. This 
can differ from top to bottom of the image as well as through the volume stack. Other 
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sources of error include mechanical, ion or electron drift. Once a volume has been acquired, 
it is necessary to correct for foreshortening in the y-direction. For an angle α, the 
foreshortening is corrected in equation 8 by the factor f [59] 
 
)sin(
1
f           (8) 
  
 
Image processing is extensively used to address most of the problems faced in DB-FIB [60, 
61].  
 
While the volume size analysed is less than XMT, the advantage of the electron column 
means resolution is greater than XMT, being in the order of tens of nanometres (Figure 2.2) 
[17, 54] and many imaging modes are possible [59] e.g. secondary electron (SE) or 
backscattered electron (BSE) images. The contrast in SE and BSE images depends on 
surface topology or chemistry respectively. Hence, the contrast can be considered as a 
monotonic function. The electron optics and sample also influence the final reconstructed 
resolution. Reducing the electron beam diameter or aberration from the lens would increase 
resolution. The sample needs to be conducting and ideally, homogenous to prevent 
curtaining artefacts [17, 55, 60, 62]. However greater detail of the pore structure in the 
catalyst pellets can be captured using DB-FIB than by XMT; while volume size analysed is 
larger than is possible by ET.  
 
2.4 Electron Tomography (ET) 
 
2.4.1 Electron Theory 
 
The transmission electron microscope (TEM) offers high resolution imaging (~0.1-0.3 nm) 
with a large number of analytical and imaging modes [48, 63, 64]. Electrons provide 
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several advantages for material analysis. There are many sources for generating electrons, 
electrons can be controlled using electromagnetic lenses and that their wavelength is 
considerably smaller than visible light (400–700 nm) and many other types of 
electromagnetic radiation [48]; although the latter does depend on the accelerating voltage 
as well.  
 
The wavelength of an electron (λ) is related to it momentum (ρ) and Plancks constant (h) 
through [47, 63] 
 
mv
hh             (9) 
 
Where m is mass and v is velocity and with relativistic effects this produces,  
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Therefore, using a TEM with accelerating voltage of 200 kV produces electrons with 
λ=2.51x10-12 and 300 kV therefore produces electrons with λ=1.97x10-12 m  
 
2.4.2 Electron Matter Interactions 
 
Electrons are ionising radiation and their interactions with matter may be elastic or inelastic 
[47, 48]. In the TEM the primary beam passes through a thin sample (~100 nm thickness) 
with many secondary signals produced as shown in Figure 2.8[48]. Additionally, electrons 
may be coherently or incoherently scattered by the sample.  
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Figure 2.8 Electron Matter Interactions after [48] 
 
Elastic scattering of electrons can occur in the sample either through interaction with 
electron clouds (low angle scatter) or atomic nuclear interaction (high angle Rutherford 
scattering or backscatter). The scattering amplitude f(θ) is related to the incident electron 
energy given by equation 11,    
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where m is the relativistic mass of an electron, Z is the atomic number of the Rutherford 
scattering atom, fx is the scattering factor for x-rays and θ the angle through which electrons 
are scattered. Coherent scattering from ordered crystal planes leads to diffraction. Electron 
diffraction is typically dynamic and there are many equations used to describe these 
phenomena [47-49]. 
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Inelastic scattering can produce characteristic x-rays, auger electrons, phonons and may be 
utilised in particular TEM modes [48].  
 
2.4.3 Transmission Electron Microscope (TEM) 
 
2.4.3.1 Electron Sources 
 
There are two main categories of TEM electron sources (i) thermionic gun or (ii) field 
emission gun (FEG). The function of the gun is to serve as a source of accelerated electrons 
and a preliminary lens through focusing the beam. Thermionic sources typically use 
tungsten (high operating temperature) or lanthanum hexaboride (low work function) 
materials where emitted electrons are focused in to a cross-over using an anode [47, 48]. A 
Wehnelt cylinder is often used to direct the electron beam to create the cross-over. 
 
In comparison FEGs operate using two anodes. The first anode is highly charged to enable 
the extraction of electrons from a finely engineered tungsten tip. The electrons are 
subsequently accelerated to the required voltage through the second anode. The fields 
generated by both anodes act together like an electrostatic lens to produce a cross-over 
point. However, the main advantage of a FEG is that they have a smaller cross-over size, 
smaller energy spread and higher brightness than thermoionic guns. They are also the most 
expensive of the guns [47, 48]. The FEI-Titan used a Schottky field emission gun with a 
tungsten tip of [100] crystal coated with zirconia. 
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2.4.3.2 Electromagnetic lenses, aberrations and apertures 
 
Electromagnetic lenses are used to focus electrons using an electromagnetic field that is not 
uniform in the lens. Therefore, electrons are deflected towards the optic axis. The 
electromagnetic field experienced by electrons is stronger further away from the optic axis. 
The radial and axial components of the lens field cause the electrons to travel through a 
helical path. The lenses are produced using iron and copper wire through which current is 
supplied [48]. Due to imperfections in the manufacture and assembly of electron lenses, the 
electromagnetic field contains inhomogeneities which are always present. These manifest 
themselves as astigmatism and aberrations which affects the resolution of an image. 
Astigmatism arises due to electron deflection in a non-uniform magnetic field as they spiral 
round the optic axis which in turn changes the path of the electron beam. This can result in 
a circular object being imaged as an ellipse. Figure 2.9 shows how spherical aberrations 
arise. Electrons far from the optic axis are directed back towards the centre strongly. 
However, all instances of the beam at different distances are unable to focus into a single 
precise spot. The point source is therefore imaged as disk and these aberrations ultimately 
limit TEM resolution although aberration corrected microscopes are becoming more 
common. Chromatic aberration occurs as electrons emerge from the thin specimen at a 
range of energies which are difficult to focus once again. Work has been carried out in 
mathematically defining the aberrations and calculating aberration coefficients [65]. 
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Figure 2.9 Spherical Aberration resulting from electromagnetic lenses focusing electrons to a point  
 
Apertures improve image contrast through removal of electrons that deviate strongly away 
from the optic axis. Consequently, the electrons used for imaging are closer to the optic 
axis and suffer less aberration. The apertures are typically made from platinum or 
molybdenum and they can either be individual disks with varying aperture sizes or a single 
strip containing different apertures [47, 48]. 
 
2.4.3.3 Electron detectors 
 
TEM viewing screens are normally coated with a scintillator material such as doped zinc 
sulfide (ZnS) that emits green light with wavelength of ~ 550 nm, when hit by electrons. 
The ZnS grains need to be small enough so that they cannot be visually resolved. Most 
modern microscopes also use charge coupled devices (CCD).The incident electrons pass to 
a CCD by where they generate electron-hole pairs and can be used to produce digital 
images [48]. 
 44
 
2.4.3.4 TEM Imaging 
 
Images are formed within a TEM using semi-parallel illumination. The magnification of the 
specimen is controlled through post-specimen projector lenses and the final image is 
digitally stored using CCDs.  
 
Firstly, the condenser lens system controls both the convergence and focal point of the 
electron beam. Changing the strength of the condenser lenses changes the location of the 
cross-over in the condenser lens system. Typically, most TEMs use a two condenser lens 
system. The condenser lens (C1) determines the size of the electron beam as it forms a 
demagnified image of the gun cross-over. It is followed by an aperture that removes highly 
scattered electrons from the electron source. The second condenser lens (C2) is responsible 
for illuminating the specimen and determines the brightness of the illuminated area. The 
convergence angle of the electron beam is controlled by an aperture located within the C2 
lens. 
 
The objective lens system in the TEM forms images and diffraction patterns. The electrons 
emerge from the exit surface of the specimen following interaction with the specimen, and 
are focused into the back focal plane of the lens (producing a diffraction pattern) or 
recombine in the image plane of the objective lens (producing an image). These images and 
diffraction patterns are subsequently magnified by the projector lens system. Therefore, the 
objective lens is very important in the TEM [47, 48]. 
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2.4.3.5 TEM Imaging Modes 
 
Figure 2.10 illustrates the typical diffraction and imaging modes within a TEM. If the back 
focal plane of the objective lens becomes the object plane for the intermediate lens through 
adjusting the imaging lens; then a diffraction pattern is produced rather than a projection 
image. A selected area diffraction (SAD) aperture may be used to choose which electrons 
can contribute to diffraction images [48]. This inserted into the objective image plane that is 
conjugate with the specimen plane. Bright-field (BF) images are formed when the objective 
aperture is inserted in the back focal plane of the objective lens such that either some or all 
diffracted beams are prevented from passing through. Dark field (DF) images are formed if 
the objective aperture is placed such that it blocks the direct beam and one or more of the 
diffracted (Bragg) beams pass through to form an image. 
 
Figure 2.10 (a) Diffraction and (b) Imaging modes within a TEM after [48] 
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Following electron-specimen interaction many physical phenomena contribute towards the 
final image contrast that is observed. Broadly these are classified as mass-thickness, 
diffraction and phase contrast. In mass-thickness contrast, the quantity of scattered 
electrons is proportional to the density and thickness of the specimen. Consequently, both 
denser and thicker regions of the specimen appear dark in BF images. This is present in all 
samples as uniform specimen thickness cannot be achieved in practice [47, 48, 66]. In BF, 
crystalline or strained regions of the sample appear dark as incident electrons undergo 
diffraction. This makes contrast in BF images difficult to interpret – i.e. if it is caused by 
diffraction or mass-thickness effects. As such contrast in BF images is not a monotonic 
function. 
 
In DF, the beam of electrons suffers from aberrations since the electrons travel off axis and 
therefore image resolution is reduced. Regions of the specimen that are strained or that 
diffract meeting the Bragg condition now appear bright in DF imaging. The beam can be 
tilted above the objective lens at an equal and opposite angle to the scattering angle so the 
electrons travel parallel to the optic axis (known as centered dark field imaging) [48].    
 
For crystalline specimens high resolution imaging in a TEM can generate lattice images. 
Phase contract is primarily responsible for the contrast observed in the images. It is 
determined by the superposition/interference between the diffracted and undiffracted 
beams. The phase of the beam depends on defocus, lens aberrations and specimen 
thickness. Consequently, the contrast needs careful interpretation and is not a monotonic 
function [48]. 
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2.4.3.6 STEM Imaging  
 
Scanning transmission electron microscopy (STEM) involves focusing the electron beam 
on the surface of the sample, which is then rastered across the specimen to generate a 
transmission image. The distance from the specimen to detector can be used to control the 
electrons which contribute in producing the final image. In changing this position, or the 
particular detector that is used, BF or DF imaging modes may be chosen. The detector is 
placed in a plane that is conjugate to the diffraction pattern. STEM is therefore operated in 
diffraction mode and a detector is inserted either above or below the viewing screen [48]. 
Scan coils control the translation and tilting of the beam. As the scanning beam must be 
parallel to the optic axis, this is achieved by tilting the beam twice with two sets of scan 
coils [48]. 
2.4.3.7 HAADF STEM (Z Contrast) Imaging  
 
 
Figure 2.11 STEM HAADF detector geometry after [67] 
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High angle annular dark field (HAADF) images are generated by collecting highly 
scattered electrons on an annular detector (Figure 2.11)[48, 67]. Typically the detector has 
an inner hole with radius of 40 mrad but this angle depends on wavelength and camera 
length. This excludes all Bragg scattered electrons leaving only those electrons which have 
undergone Rutherford scattering (although in some specimens double diffraction may 
occur).  STEM HAADF is therefore incoherent and the electron signals acquired are a 
function of atomic number and contrast reversals do not occur over a range of spatial 
frequencies. Consequently, they are monotonic functions with approximately a ~ Z2 
dependence on atomic number. The actual relationship depends on the orientation of the 
atomic columns in the specimen, the accelerating voltage of the microscope and detector 
angles. The HAADF images are easily interpretable, although they do share mass-thickness 
contrast for thick specimens. This can become problematic at high tilt angles. The two-
dimensional spatial resolution of a HAADF image is primarily dictated by probe size and is 
capable of high resolution imaging, although specimen thickness can reduce this [48]. 
Many modern STEM instruments can manage a probe size <1 nm and resolutions of 
Angstroms are possible [15, 25, 48]. 
 
2.4.3.8 FEI-Titan 80-300 S/TEM 
 
The FEI-Titan 80-300 S/TEM (Imperial College, London) can be operated between 80-
300 kV. The microscope uses a field emission gun (Schottky emitter), a three condenser 
lens system, a monochromator and a Cs corrector.  
 
As discussed earlier the spatial resolution of a microscope suffers from both spherical and 
chromatic lens aberrations. These limit the resolution of the microscope, although 
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mechanical vibrations and magnetic fields in the surrounding environment may also affect 
instrument stability. Ideas for the possibility of correcting spherical and chromatic 
aberrations were introduced by Scherzer many decades ago [48].  Only recently has this 
breakthrough been possible through the advent of new lenses, better quality manufacturing 
of lenses and therefore better control of lenses. These are still areas of active research [68, 
69].  
 
The Titan uses a gun lens, three condenser lenses, a mini-condenser lens and an objective 
lens (split as upper and lower objective lens respectively). In TEM mode the mini-
condenser lens creates a cross-over above the upper objective lens, which subsequently 
forms a parallel electron beam.  When in STEM mode, the mini-condenser is not on and the 
electron beam is focused by the upper objective lens onto the specimen and therefore a 
nanoprobe size can be obtained (Figure 2.12). The C1 lens creates the demagnified gun 
cross-over image. The C2 lens and aperture then focus the beam into a small probe on the 
specimen surface.  
 
Figure 2.12 Typical example of electromagnetic lenses used in STEM imaging after [48] 
Sample
Electron Source
Optic Axis
Mini-condenser lens
Upper objective lens
Lower objective lens
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Introduction of a monochromator (used for electron energy loss spectroscopy) prevents 
sub-nanometre probe sizes being formed in STEM mode. This is because the C1 lens is 
unable to sufficiently demagnifiy the large cross-over created from the monochromator. 
The problem is resolved through using the C2 lens to carry out further demagnification 
(creating small probes), and the introduction of the C3 lens. The C3 lens and aperture is 
now responsible for focusing the probe onto the specimen [70].  
 2.4.3.9 Electron Tomography (ET) 
 
ET involves recording a series of transmission images of an object as it is rotated though 
different angles in a transmission electron microscope (TEM). It was first used by Klug in 
1983 within medical biology to carry out reconstructions of phages [71]. Early ET 
characterisation of catalysts was carried out using bright-field (BF) imaging [72]. The work 
by Koster et al. reconstructed metal/zeolite crystals around 500 nm in length and found 
sliver particles of ~ 40 nm in size on the zeolite surface (Figure 2.13). 
 
Figure 2.13 Reconstruction of a metal/zeolite crystal using BF TEM Tomography [72] 
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However, due to diffraction, BF intensity in crystalline materials is not monotonic with 
angle/thickness changes and carrying out BF reconstructions is therefore difficult [27]. The 
high-angle annular dark field (HAADF) signal in the scanning transmission electron 
microscopy (STEM) does not suffer from this problem - the HAADF intensity in a 
projection is close to the square of the average atomic number of the material and is linear 
with sample thickness. It has been successfully used for 3D ET of heterogeneous catalysts 
[27, 73, 74]. An additional benefit from HAADF is the ability to detect changes in 
specimen composition based on the atomic number. This was exploited to analyse low Z 
catalyst supports deposited with high Z catalyst metals, all in 3D [75] (Figure 2.14).   
 
 
Figure 2.14 Reconstruction of a support with catalyst particles for two small regions selected from the full 
reconstruction (left) and the full reconstruction (right) [75] 
 
Many of these early studies focused on locating catalyst particles on supports and 
illustrated the viability of STEM HAADF images. Nevertheless, the work of Weyland. et al 
[75] demonstrated mesopores could also be reconstructed from STEM HAADF images. 
However, no attempt was made at quantification of porosity or interconnectivity, both of 
which are important to catalyst functionality. Similarly, Ziese et al. qualitatively described 
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the reconstructed gold catalyst particles distributed in meso and macropores of a silica 
based support [76] (Figure 2.15). Neither the gold distribution nor porosity was quantified.   
 
Figure 2.15 Reconstruction gold catalyst on a support (left), reconstruction of gold (middle particles) and BF 
tomogram (right) [76] 
 
A similar trend is followed by many other ET studies of catalysts where the porosity is not 
evaluated or quantified. Steps towards quantification of ET data have loosely looked into 
distances between features of interest [77], focused on quantifying chemical composition 
[27, 78] or understanding crystallographic orientations between particles [27, 79]. Porosity 
has been studied in some cases with a view to provide supporting information towards 
catalyst loading and/or comparison to surrounding catalyst surfaces [80]. It is important to 
quantify pores and interconnectivity in a catalyst as these determine the transport properties 
of the catalyst. Furthermore, this information needs to be linked with bulk characterisation 
of porosity on a larger length scale in order to design better catalysts in the future.   
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Figure 2.16 Illustration of the missing wedge, pyramid and cone acquired during electron tomography for 
single, dual and multiple axis tomography respectively 
 
The quality of a ET reconstruction may be limited by many factors. Artifacts in ET arise 
from the limitation of object rotation in the TEM to around ±65-75°. A full 360° series of 
projections cannot be acquired and this sampling reduces the quality of the final 
reconstruction due a “missing wedge” of information [15, 24], as in Figure 2.16. Dual axis 
and multiple axis tomographic acquisitions reduce the wedge to a missing pyramid or 
missing cone of information, but the problem still remains an issue. Normally, around 100-
200 images are used for ET reconstruction. Furthermore, samples must be electron 
transparent and relative sample thickness increases with tilting [15, 24, 27]. Therefore 
images are stretched in the direction of sample depth. The resolution is also anisotropic and 
requires correction. Parallel to the tilt-axis the resolution is equal to the resolution of the 
images acquired assuming a perfect tilt series alignment. However, the resolution in the 
other directions perpendicular to this is determined by the number of images acquired (N) 
and the diameter of the volume to be reconstructed (D) [3, 15, 18, 24, 28, 81]. This is given 
by equation 12 
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N
Dd            (12) 
 
Where d is resolution in y/z. However, this assumes a tilt-range of + 90° which is never the 
case. There are physical constraints such as the pole piece gap of the objective lens in 
which the specimen sits that limits the tilt angle. Specialised holders remove excess 
material and thin certain areas of the holder to extend the range. On top of this there still 
remains the additional problem of shadowing from either the specimen itself from grid bars 
or support clamps. The apparent thickness of the specimen to the incident beam changes 
with tilting. 
 
The resolution in the direction parallel to the optic axis is thereby degraded and this is given 
by an elongation factor (e) dependant on the tilt angle (α). The resolution and elongation 
factor is given by equation 13 and 14 respectively [15, 75, 82], 
yzyz edd            (13) 
 


cossin
cossin

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Many different algorithms have been developed to help overcome some of these issues and 
reduce artifacts from stages in image processing, alignments and reconstruction [23]. For 
example, the missing wedge may in theory be reduced to a “missing pyramid or cone” of 
information [18, 24, 36] and iterative reconstruction techniques using “difference” 
sinograms can improve the quality of the final reconstruction. It is important however, that 
images are well aligned with respect to the tilt axis prior to any reconstructions. Studies 
have been carried out with Fourier shell correlations (FSC), analogous to Fourier ring 
correlation to estimate the signal to noise (S/N) and resolution for a tomographic 
reconstruction and further studies have built on this. If the FSC coefficients in an 
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oversampled region of Fourier space is compared against data from odd or even 
projections, then is it is possible the S/N may be calculated and removed from the 
reconstruction thereby improving its quality. While finer details can be observed in 
reconstructions, the algorithm assumes S/N is isotropic and the specimen has a true slab 
like geometry [23, 27, 36].  
 
HAADF Z-contrast imaging has its own drawbacks, however, but these are not often 
encountered. Firstly, exceptional circumstances may occur, this is evident when crystalline 
structures are on-axis may cause contrast reversals. Only a few images are affected and may 
be removed from the tilt series. Secondly, electrons interacting with very high mass 
elements, such as tungsten [67], can be scattered outside the aperture, leading to contrast 
reversals. Thirdly, it is not effective with elements that have similar atomic numbers. 
 
While the volume size analysis capability of ET is less than DB-FIB and XMT, the 3D 
reconstruction resolution is greater (<1 nm) [27]. Work in this area with ET has 
demonstrated the ability to visualise nanoparticles in catalysts [25, 83] and obtain useful 
compositional/spatial information [84]. This makes ET an important tool to characterise 
pore structure in heterogeneous catalysts on the length scale at which reactions occur.  
 
2.5 Catalysis   
 
Catalysts are very important and are widely used in the pharmaceuticals and chemical 
industries.  
 
The term catalysis means to loosen down and originated from Berzelius in 1836 after 
seeing certain reactions that occurred with the additions of these substances. The 
phenomenon of catalysis had in fact been studied from much earlier through the works of 
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Kirchoff in catalysed hydrolysis in 1814 and Humphrey Davy in 1817 with hot platinum 
without the full awareness of catalysts. The effect of platinum on recombination of 
hydrogen and oxygen was carried out by Michael Faraday in 1834 [85]. From then on 
understanding and applications of these remarkable materials has grown and continues to 
do so to this day.  
 
2.5.1 The General Principles of Catalysis   
 
Catalysts increase the rate of a chemical reaction without being consumed as a constituent 
species in the reaction themselves. They do this by offering more energetically favourable 
reaction routes [86] with lower activation energy for the reaction. Therefore it does not 
change the overall Gibbs free energy (ΔG) in a given reaction.  
 
The reaction can proceed if two reactants, A and B, collide with sufficient energy to 
overcome the activation energy barrier and produce products, AB (Figure 2.17). Catalysts 
accelerate a chemical reaction through forming bonds with the reacting molecules. Hence, 
A and B bond to the catalyst; this lowers the activation energy they need to react in order to 
form a product. Finally the products detach their bonds from the catalyst in what is 
normally an endothermic step. The catalyst is available to repeat the process again [86]. So 
long as the activation energy is less than an uncatalysed reaction, then the rate of reaction 
will still be faster from a thermodynamic view [87, 88]. The catalyst does however 
accelerate formation and decomposition reactions to the same extent. 
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Figure 2.17 Mechanism of catalysis adsorption/desorption 
 
 
2.5.2 Types of Catalysts and Mechanisms 
 
The environment a catalyst operates under may be liquid, gaseous or solid surfaces. In 
homogenous catalysis, both catalysts and reactants are in the same phase. In heterogeneous 
catalysis, the catalyst is in a different phase from the reactants [87]. Many heterogeneous 
catalysts are transition metals due to their variable oxidation states. However those used in 
pellet based catalysts are often composed of silica, alumina, titania or other oxides [89, 90] 
as they can catalyse reactions, be shape selective and are thermally stable.  
 
For the purposes of heterogeneous catalysis the reaction can be divided up into a number of 
stages, each occurring sequentially until the reaction is complete. This has been illustrated 
in Figure 2.17. The reactant molecules (A and B) first diffuse into the porous catalyst and 
then adsorb onto a specific area of the catalyst termed an active site. The location of active 
sites depends on the catalyst in question and remains an area of research. At this point the 
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reactants are more susceptible to react and do so to form the product (AB). The product 
desorbs from the active site and diffuses back out of the porous catalyst [91].  
 
There are limitations and not all catalysts and reactants work together successfully. The 
presence of a weak catalyst-reactant bond would result in a reduction of products and the 
rate of reaction. If catalyst-reactant bond strength is too strong this would increase the 
stability of the intermediate transition compound. It is also possible for the catalyst-product 
bond to be too strong following a reaction. Therefore by Sabatiers Principle, the interaction 
and bond strengths must be neither too weak nor too strong [86, 90]. 
 
2.5.3 Types of Adsorption and Surface Reactions 
 
The theories governing catalyst reactions are complex and poorly understood. Generally, it 
is useful to distinguish between types of adsorption which can occur, and therefore how a 
heterogeneous catalyst works. Physisorption involves dipole-dipole interactions between a 
reactant and catalyst surface. There is no sharing of electrons. The adsorbate adheres due to 
Van der Waals forces or in rare cases due to Hydrogen bonding too. The latter is 
approximately ten times as strong as the former, but both are regarded as weak bonds. The 
other type of adsorption is Chemisorption. This involves the re-arrangement of electrons 
between the catalyst and reactant. Consequently this process requires the formation of 
chemical bonds with the reactant and subsequent destruction of them on desorption. The 
typical accompanying enthalpy changes with Physisorption are around -10 to -40 kJmol-1 
whereas for Chemisorption this is -80 to -400 kJmol-1 (and may even be higher) [87, 89, 
92].   
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Once adsorption has occurred there are a number of ways in which the surface reaction can 
take place to form the product. Two distinct mechanisms are normally accepted as shown in 
Figure 2.18. In the Langmuir-Hinshelwood mechanism both the reacting species are 
adsorbed onto the catalyst surface. There is movement of the reactants on the surface with 
some eventually forming products and desorbing from the surface. The Eley-Rideal 
mechanism stipulates that a single reactant is adsorbed to the surface. Another reactant then 
arrives and reacts with it to form the product which is then desorbed from the surface. It is 
also speculated that other affects such that crystallographic orientation of the catalyst may 
play a role. The difference between these mechanisms is often difficult to tell and it is not 
known which one takes place [85, 87, 92, 93].  
 
Figure 2.18 Competing theories of catalysis with (a) all reactant absorbing prior to reaction and (b) single reactant 
absorbing prior to reaction after [85] 
 
2.5.4 Choice of Carrier and their Considerations 
 
The effectiveness of porous hierarchical heterogeneous catalysts is influenced by (i) the 
surface area exposed to the reactant, (ii) intrinsic surface chemical reactivity, (iii) surface 
topology and (iv) lattice defects. In addition to this commercial catalysts must possess 
sufficient strength to avoid crushing in packed bed reactors. While most of these factors are 
dependant on the nature of the catalyst, some can be improved. For reactivity it is preferred 
for heterogeneous catalysts have to high external and internal surface areas [90]. 
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The carrier is defined as the support onto which an active catalyst is deposited. In some 
cases there is no need for this and the catalyst is self-supporting. The choice of support and 
catalyst is ultimately determined by the reaction it is meant to catalyse. However, some 
types of materials lend themselves to this role more effectively than others. Good choices 
of carriers are often ceramics. The advantages they offer include corrosion resistance as 
well as good compressive strength. They have excellent thermal resistance and thereby 
retain mechanical integrity at high temperatures. The porosity can be controlled and they 
are hard wearing materials. Furthermore, they can be chosen for their own catalytic 
properties as frequently occur in pellet based catalysts [90]. 
  
The significance of porosity becomes apparent since the rate of product formation is a 
function of available active surface area. If the reaction at the active site is fast then 
diffusion of reactants and products becomes a limiting factor in the overall rate of reaction. 
Suitable porous supports therefore often include silica, alumina or titania due to their high 
area and open pores structures [92]. The classification of pores in pellet based catalysts can 
be divided up from macropores (~200 nm) to mesopores (2-50 nm) and micropores (< 2nm) 
[90, 94]. An approach to increase flow is to generate mesopores (shown in Figure 2.19) 
often through steam or chemical treatments [95]. 
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Figure 2.19 Improving flow in catalysts through the creation of mesopores following steam treatments [93] 
 
These oxides function as catalysts through localised regions of high acidity. When 
combined with their intrinsic pore shape and geometry the catalysts often exert selectivity 
of molecules that may pass through their hierarchical pore structures, and thereby the 
products formed [89, 95-97]. Their hierarchical pore structures, thermal stability and 
chemical selectivity make them ideal for hydrocracking in petrochemical refining. 
Generally, hydrocracking proceeds at 300-600 °C depending on the particular reaction. 
Many sources discuss these processes in detail but they are beyond the scope of this work 
[26]. 
 
2.5.5 Pellet Manufacture  
 
In this work, hierarchically porous catalyst based pellets were supplied by the Shell 
Technology Centre in Amsterdam (STCA). They are composed of either silica-alumina or 
titania and are responsible for hydrocracking through isomerism and hydrogenation.  
 
The necessary powders are mixed and wet using a liquid polymer for extrusion. The 
extrudates are chopped, but are still mechanically weak at this stage. The pellets are heated 
to drive of any volatile chemicals still present through a process known as calcination. This 
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also helps sinter the material to provide desired levels of porosity and increase mechanical 
strength [90, 98]. The final pellet dimensions are trilobed, ~5/6mm length by ~1.5mm 
diameter. These pellets were produced at STCA. 
 
2.7 Pellet Preparation for electron microscopy 
 
Sample preparation can be both difficult and a limiting factor in the analysis of materials 
when using electron microscopy. Specimen quality must be good and this means it is thin 
and free of contaminants and artifacts. Commonly used grinding and drop suspension 
techniques result in loss of all spatial information; which is important for hierarchal porous 
catalysts. Alternatively, grinding and polishing using a specialised disc grinder, followed by 
Argon ion gas milling/polishing may be employed [99]. However, the specimen needs to be 
embedded using epoxy resin and is susceptible to falling out of the ring holding it. The 
most successful technique was focused ion beam (FIB) milling. The sample is still fragile 
and may be lost. However, no epoxy resin is required and specimens can be thinned to 
electron transparency in the FIB microscope without handling. Liftout of the specimen can 
either be performed using in-situ (INLO) or ex-situ (EXLO) techniques as described in 
other studies [56].  
 
2.6 Summary 
 
Tomography provides an excellent opportunity to understand the complex three 
dimensional structures of materials through imaging them directly. The transport of 
reactants/products through a catalyst pellet is dependant on a hierarchical pore structure 
spanning several orders of magnitude. Studies that have attempted to characterise catalyst 
pellets are often based on indirect measurements or using conventional 2D microscopy with 
focus on yield. The use of tomography enables interconnectivity of porosity to be visualised 
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and quantified. Therefore transport properties in catalysts can then be related to pore 
structure. The relatively slow uptake of tomography use towards probing catalyst pellets 
used in hydrocracking has been caused by interest focused on fine scale (~nm) porosity as 
this is near the scale where reactions occur. Studies that have probed catalysts using 3D 
imaging such electron tomography tend to focus on distribution of metals within the pellet, 
and quantification is limited. While XMT, DB-FIB and ET have been ultlised in the study 
of many materials, including some work on catalysts; many prior studies are also limited by 
the resolution/field of view of the particular tomographic technique employed. The 
resolution/field of view limitation of a particular tomographic technique can be 
circumvented through combining several tomographic techniques. Multiscale tomography 
(MT) using XMT, DB-FIB and ET together can provide information without the need to 
use idealised models of pellet pore structures for information that is unknown. Therefore, 
there is a clear need to characterise the structure and understand the behaviour of pellet 
based catalysts across the large length scales they function and relate this to the properties 
observed. The work in this thesis will demonstrate MT as a viable method for the 
chracterisation and understanding pellet based catalyst behaviour, through which better 
pellet based catalysts can be developed in the future, and can be applied to other multi-scale 
functional materials. 
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Chapter 3 : Characterisation of hierarchical pore 
structures in ceramics using multi-scale tomography1 
 
 
3.1 Introduction 
 
Heterogeneous catalysts often exhibit hierarchical pore structures spanning length scales 
from micrometers to nanometers in porosity [98]. Characterising the pore size and 
morphology of the catalyst is important in improving its performance [89, 94, 98] as the 
latter is dependent on the flow of molecules to get to and from active sites. Characterisation 
of complex hierarchical pore structures using indirect methods is challenging and often 
requires assumptions to be made to fitting the experimental data [39, 100]. Catalyst design 
could benefit from a direct method of visualising and quantifying the pore structure to 
optimise activity, selectivity, lifetime and yield.  
 
Porosimetry using mercury or nitrogen is widely used for characterising pore size and 
distribution in heterogeneous catalysts due to the relative ease of the measurement and 
rapid generation of reproducible values [39, 100]. In mercury intrusion porosimetry (MIP) 
the sample is first dried, evacuated, and Hg is forced into the sample under pressure 
incrementally. For each pressure increment the corresponding Hg volume intruded into the 
specimen is recorded. This data can be used to obtain curves describing the pore size 
distribution [101]. However, this is only possible once an appropriate physical model is 
chosen. Typically, the Washburn equation [102] is used to describe the relationship 
between Hg intrusion at a given pressure and the pore diameter. MIP can be used to 
measure pore sizes from 3 nm to 200 m in a single experiment [103].  
 
                                                 
1 Note, Large portions of this chapter have been submitted for publication in Acta Materialia (In Press) 
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The Washburn model assumes that the pores are cylindrical, connected to the outer surface 
of the sample and accessible to Hg. It also assumes pores get progressively smaller for each 
incremental pressure increase applied. In analysis of MIP data the pore entry diameter is 
normally equated to the pore diameter. Moreover, MIP cannot differentiate between a 
single large volume pore or multiple pores totaling the same volume if they have the same 
entry diameter [100, 104]. All these factors can contribute to incorrectly estimating pore 
sizes and are important when considering molecular flow through porous catalysts. 
Alternative empirical expressions to the Washburn model have been studied using 
improved parameters e.g. to account for menisci behaviour [39]. In terms of 
experimentation MIP requires empty dry voids for good intrusion and the high pressures 
involved in MIP can damage the porous structure being investigated. In addition, hysteresis 
occurs between Hg intrusion and extrusion [101, 105] leaving some Hg trapped within the 
sample.  
 
Nitrogen porosimetry uses either the adsorption or desorption isotherm of N2 from the 
surface of the sample to determine pore size distribution according to the Barret, Joyner and 
Halenda (BJH) method [106]. It is frequently used for detection of pores in the range 0.3 - 
300 nm [103]. However, interpretation of the data is dependent on the model used; for 
example, the BJH model is known to under-estimate real pore size [107]. MIP, in 
preference to N2 adsorption, was used in the current study due to the extended pore size 
range accessible.  
 
Porosimetry techniques do not provide information on pore shape, pore spatial relationships 
or interconnectivity. The lack of measured geometrical data leads to many assumptions in 
interpretation.  However, 3D imaging techniques such as tomography can provide such 
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information [17, 18, 108]. Each particular tomographic technique can supply information at 
different length scales for different volume sizes (Figure 3.1). By combining tomographic 
techniques, a large length scale can be covered to probe and characterize hierarchical pore 
structures.  Correlation of multiscale tomography with MIP will provide new insight into 
the relationship between the hierarchical pore structure and catalyst performance, 
facilitating future catalyst design.  
 
 
 
Figure 3.1 Representation of different tomographic techniques with their typical resolution and volume 
interrogation capabilities (left-right :3D Atom Probe, Electron Tomography, Dual Bean Focused Ion Beam 
Tomography, X-ray Micro Tomography). 
 
 
 
 
 
 
 67
3.1.1 Comparison of Tomographic Techniques 
 
In this study, synchrotron x-ray microtomography (XMT), dual beam focused ion beam 
tomography (DB-FIB) and electron tomography (ET) have been used (Figure 3.1) in an 
attempt to quantify the pore structure of heterogeneous ceramic catalysts across length 
scales from hundreds of micrometers to nanometers, all in 3D to build up a model of real 
catalyst pore structures.  
 
XMT involves using an x-ray beam to produce a series of transmission projection images of 
an object as it is rotated through different angles [33]. The contrast in each image is 
attributable to the difference of linear attenuation coefficients between different material 
phases present in the object due to either density or compositional variations. If there is 
sufficient attenuation contrast, then image analysis can be used to quantify the phases 
present [30]. High-flux synchrotron sources enable parallel, monochromated illumination 
which minimizes artefacts, provides excellent signal to noise (S/N) and achieves high 
spatial resolution (<100 nm). [31, 51, 52]. In XMT, there are many types of imaging 
artifacts and all impede reconstruction accuracy [30].  Typically laboratory XMT sources 
have a lower flux and higher energy spread and achieve a spatial resolution of 1-2 m 
(Figure 3.1). However, with x-ray optics some laboratory sources can achieve resolutions 
~50 nm, although these instruments are rarer and suffer from poor S/N. Both lab-XMT and 
Synchrotron-XMT are being continually improved but as spatial resolution is improved, the 
field of view often decreases [31-33] although recent work in this field has demonstrated 
datasets may be stitched together [53]. 
 
In a DB-FIB a secondary electron (SE) or backscattered electron (BSE) image of the 
exposed face of a block of material is recorded before a “slice” of the face is sputtered away 
 68
by a gallium ion beam.  The “slice and view” process is repeated until a regularly spaced 
set of images through the block is obtained [17, 56]. The face of the block is typically 50-
100 m2 with a thickness in the range 10-100 m. The larger the volume studied, the 
greater the time needed to acquire the data and this is often a limiting factor. While the 
volume size analysed is less than XMT, the resolution is greater than XMT, being in the 
order of tens of nanometers (Figure 3.1) and many imaging modes are possible [59]. 
Therefore greater detail of the pore structure in the catalyst can be seen than in XMT and a 
larger volume size analysed than is possible by ET.  
 
ET involves recording a series of transmission images of an object as it is rotated though 
different angles in a transmission electron microscope (TEM). Early ET characterisation of 
catalysts was carried out using bright-field (BF) imaging [72]. However, due to diffraction, 
BF intensity in crystalline materials is not monotonic with angle/thickness changes [27]. 
The high-angle annular dark field (HAADF) signal in the scanning transmission electron 
microscopy (STEM) does not suffer from this problem - the HAADF intensity in a 
projection is close to the square of the average atomic number of the material and is linear 
with sample thickness. It has been successfully used for 3D ET of heterogeneous catalysts 
[27, 73, 74]. Artifacts in ET arise from several factors including the limitation of object 
rotation in the TEM to around ±65-75°. In most cases a full 360° series of projections 
cannot be acquired and this sampling reduces the quality of the final reconstruction due a 
“missing wedge” of information [15, 24]. Furthermore, samples must be electron 
transparent and relative sample thickness increases with tilting [15, 24, 27]. Many different 
algorithms have been developed to help overcome some of these issues and reduce artifacts 
from stages in image processing, alignments and reconstruction [23]. While the volume size 
analysis capability of ET is less than DB-FIB and XMT, the 3D reconstruction resolution is 
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greater (<1 nm) [27]. Work in this area with ET has demonstrated the ability to visualise 
nanoparticle catalysts [25, 83] and obtain useful compositional/spatial information [84].  
3.2 Materials and Methods 
 
Heterogeneous pellet based catalysts are tailored to the specific chemical reaction they are 
meant to catalyse.  The most common method of manufacturing these catalysts is by 
extrusion. The required precursor powders e.g. alumina, silica, etc. are mixed and made into 
a wet slurry using a polymer additive to produce ‘green’ mechanically weak extrudates. 
The pellets are then calcined for a few hours at elevated temperatures determined 
depending on the properties desired of the catalyst pellet. This procedure drives off the 
volatile polymer and causes densification of the pellet. Depending on what is required of 
the pellet, it may function as a catalyst, a support for another catalyst or both. Impregnation 
of the pellet using a salt precursor is often used to deposit/load other catalytic phases if 
needed.  It is then dried, calcinated again with sulphiding used to activate particular phases. 
The actual procedure is unique to each type of catalyst pellet and may involve several 
cycles of these steps [87, 90, 98]. 
 
Two heterogeneous silica-alumina catalysts were compared in this study. The catalysts, S1 
and S2, were produced using the same quantities of SiO2 and Al2O3 with S2 also containing 
~1 wt. % Pt and were calcined at 800 °C and 580 °C, respectively. The catalyst precursors 
were mixed into a slurry which was extruded to form tri-lobe pellets (6-10 mm length and 
~1.5 mm width).  The pellets were dried, calcined before finally being loaded and activated 
[87, 98]. The catalysts were analysed using MIP and three different tomographic techniques 
(XMT, DB-FIB and ET) to characterise their pore structures. 
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3.2.1 Mercury Intrusion Porosimetry 
 
A MicrometricsTM autopore instrument at STCA (Amsterdam, Netherlands) was used to 
carry out mercury intrusion into both S1 and S2. The dry samples were placed in the 
penetrometer, outgassed and evacuated prior to Hg being loaded into the instrument sample 
holder. The instrument utilises a metal-coated glass stem with a calibrated bore that acts as 
a capacitor when filled with Hg.  For characterising mesopores and micropores, Hg was 
then forced under pressure (reaching 400 MPa) into the specimen. The instrument measured 
the change of Hg capacitance with the corresponding pressure change from which 
information on the specimen pore distribution was calculated.  
 
3.2.2 X-ray Microtomography 
   
For XMT experiments the trilobe pellets were sectioned into dimensions with edge lengths 
of ~1.5 mm using a sharp steel blade and placed into a holder. Synchrotron XMT was 
carried out at the European Synchrotron Radiation Facility (ESRF) in Grenoble using beam 
line ID19. A monochromatic beam energy of 20 keV was used to acquire 1400 projections 
with 14 bit image depth. The projections were captured using a Gd-Ga garnet scintillator 
that was imaged through an optical microscope lens connected to a 2024 × 2024 CCD 
camera. Reconstruction was carried out using parallel-beam filtered back projection 
algorithms available at ESRF ID19  on a specimen volume of 3.65 mm3, scanned to 
produce a volume of ~1100 × 1100 × 1100 voxels, each with an edge length of 1.4 μm. 
 
3.2.3 Dual Beam Focused Ion Beam Tomography 
 
Both ends of a catalyst pellet were ground using dry 4000 grit SiC abrasive paper so that 
their faces were parallel and all samples were of equal length at the end (~5 mm). The 
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catalysts were glued upright onto a metallic microscopy stub. The base of the standing 
pellets was coated using silver paint to improve conductivity. Finally a gold coating of 40-
50 nm was sputtered on the pellets to minimise damage on the sample surface and increase 
specimen conductivity. 
 
The samples were analysed using a FEI Quanta 200 3D DB-FIB, with the ion source at 
15 kV, using apertures of 5 nA to create the geometry needed down to 50 pA for polishing 
faces prior to imaging. As images often have large grayscale contrast variations, a new DB-
FIB acquisition geometry was developed that was different from those used in prior studies 
[17, 59]. A region of the catalyst top surface was selected and sputtered away to produce a 
large U-shaped trench leaving a finger-like protrusion. The Ga ion beam was used to 
remove material from the face of the protrusion at an angle of 38° (Figure 3.2). The 
exposed face was imaged in backscattered (BSE) mode using the electron column as this 
provided better image contrast than secondary electron mode. This geometry was found to 
give better signal to noise and significantly reduce shadowing artifacts as the influence of 
trench walls blocking signals was reduced. 
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Figure 3.2 (a) The geometry in which the ion beam sputters away the finger protrusion in a bevelled manner 
and (b) the side view with the direction of the electron beam used in imaging the revealed face 
 
For S1 U-shaped trench dimensions were 10 μm × 20 μm × 10 μm (width × length × depth) 
on either side of the specimen face. The frontal part of the trench was 50 μm × 20 μm × 
10 μm. The finger protrusion has a width of 30 μm. A fiducial marker was added on top of 
the finger protrusion for image alignment purposes. Images of the face were acquired using 
the electron source at 15 kV and a magnification of around ×2900 with 24 bit image depth 
integrated over 28 seconds using a backscatter electron detector. The Ga+ ion beam using a 
current of 300 pA for sputtering and 50 pA for polishing, serially sectioned the protrusion 
backwards with slice thickness equal to the lateral image resolution until 20 μm of it had 
been analysed. A final volume of ~22 μm × 22 μm × 20 μm with voxel size of 43 nm was 
produced following image alignment, foreshortening corrections and reconstruction. An 
example slice acquired for S1 is shown in Figure 3.3. The brightest region (white contrast) 
corresponds to the gold layer deposited on the top surface of S1 whereas the face appears in 
grey while pores on the face appear in dark/black contrast. Note there is some shadowing 
towards the bottom of the image, but this is significantly reduced as compared to the prior 
geometries employed.  
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Figure 3.3  An example of a single DB-FIB slice imaged in BSE for catalyst pellet S1. The geometry 
significantly reduces shadowing from trench walls, although some remains at the bottom of the face. Pores 
appear in black contrast on the face. 
 
For S2 a smaller volume size was interrogated. U-shaped trench dimensions were 10-15 μm 
× 28 μm × 10 μm on either side. The frontal section of the trench was 40 μm × 16 μm × 
10 μm. The finger protrusion was 16 μm wide. The Ga+ ion beam using a current of 300 pA 
for sputtering and 50 pA for polishing, serially sectioned the protrusion backwards with 
slice thickness equal to the lateral image resolution until 5 μm of it had been analysed. 
Images at 15 kV and a magnification of around ×4600 were recorded with 24 bit image 
depth integrated over 28 seconds using a backscatter electron detector. A final volume ~15 
μm × 15 μm × 5 μm with voxel size of 27 nm was produced. These parameters used for 
both S1 and S2 allowed for a good compromise between image resolution and field of view 
bridging between XMT and ET techniques. 
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3.2.4 Electron Tomography 
 
TEM samples were prepared using an FEI FIB 200 by in-situ lift-out to obtain final 
specimen dimensions around 6-8 μm by 4 μm and 100 nm in thickness. A series of STEM 
images were acquired at 300 kV with an FEI Titan FEG S/TEM 300 using the HAADF 
detector and a nanofocused probe. For S1 images were acquired over ±65° tilt angle in 1° 
increments at <50° and 2° increments at >50° all with 16 bit depth, size 1024 × 1024, 
integrated over 1 s. For S2 images were acquired over ±66° tilt angle in 2° increments all 
with 16 bit depth size 1024 × 1024 integrated over 1 s. The HAADF inner-outer collection 
angles were 50-240 mrad ensuring high angle Rutherford/incoherently scattered electrons 
were detected. Reconstruction produced a voxel size of 2.6 nm following image alignments 
and using the simultaneous iterative reconstruction technique (Inspect3DTM, FEI, 
Eindhoven, Belgium) [81].  
 
 
3.2.5 Image Analysis 
 
Image analysis techniques had to be applied to all the tomographic reconstructions to 
reduce noise, detect the pores and quantify them. The general procedure involves 
conversion of 3D grayscale datasets into 3D binarised files containing values of 0 or 1 
depending if the voxel represents solid or a pore respectively based on a boundary value 
that best represents the pores as observed in the original dataset. This thresholding was 
followed by identifying separate pores through watershedding and segmentation algorithms 
prior to their quantification using many techniques detailed in prior studies [108-112]. 
Similarly, boundary regions separating neighbouring pores known as 
apertures/interconnects can also be quantified following thresholding (Figure 3.4-Figure 
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3.5). The image analysis procedure made extensive use of in-house/open source (ITK, 
ImageJ) and commercially developed codes (MatlabTM - The Mathworks Inc, MA, U.S.A; 
AmiraTM – Visage Imaging GmbH, Berlin, Germany; vgstudiomaxTM- Volume Graphics 
GmbH, Heidelberg, Germany) to carry out image alignments, filtering, pore 
separation/segmentations, visualisation, quantification  and other similar tasks, as detailed 
below. 
 
For datasets acquired using XMT, DB-FIB and ET the pore structures appear dark in the 
images. Binarisation of this “raw” data to separate the pore structure from the rest of the 
image was challenging. This is because although the general procedure outlined previously 
can be applied, some processing had to be tailored for each dataset. For example, individual 
datasets may have slightly different contrast levels, or feature shapes affects the algorithms 
required and the order of the processing steps. Once a suitable method was developed it 
could be applied to separate the pore structures as illustrated for one XMT example (Figure 
3.4). 
 
Figure 3.4 (a) A reconstructed slice from synchrotron x-ray microtomography of S1 (b) the pore structure 
separated from the bulk reconstruction. 
a b
1000 Microns 
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Figure 3.5 3D Pore structures (grey) and apertures/interconnects (red). Example for S2 catalyst 
 
The Synchrotron XMT reconstruction required 3D median filtering (3 × 3 × 3 voxel kernel) 
to remove small quantities of noise. A 3D edge-preserving smoothing filter (contrast 
difference 5, diffusion steps 25) was used to eliminate small contrast variations within the 
pores without losing their shapes. Ideally, the threshold is selected based on the midpoint of 
a grayscale distribution between two modal values. Often this can be difficult in practice as 
these distributions overlap, therefore the following procedure was adapted: 1. first a 
threshold value was determined visually from inspecting the entire stack was then applied 
to select pores from the bulk (see Figure 3.6); 2. then an upper and lower threshold was 
determined visually that can the extremes of what was visually acceptable; 3. the mid-point 
between this minimum and maximum was then selected and the change in total volume of 
porosity calculated for each of these thresholds; 4. in all cases, the change was less than 
~4 % of the total volume, giving confidence that the overall error in threshold selection was 
less than 4%. Due to smaller pores in the S1 dataset it was found that resizing its volume to 
100 
Microns
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double size through interpolation of voxels and then applying the filters worked more 
effectively.  
 
Figure 3.6 Thresholding illustrated in an (a) ideal case where the midpoint between two modes on the 
histogram are used and (b) a real example in an XMT image for S1 where visual inspection while selecting 
the threshold is required to as many grayscale values overlap 
 
Separating pores from microstructure in DB-FIB reconstructions was found to be most 
demanding. A 3D median filter was first applied (3 × 3 × 3 voxel kernel) to remove noise. 
However, contrast variations occurred within images and between slices that precluded 
using a simple threshold value across the complete data volume. Through experimentation, 
a 2D adaptive threshold was found to be most useful as this algorithm separated pores with 
respect to their local voxel neighbourhood. While effective, the algorithm suffered a 
drawback of occasionally misidentifying some small local variations as pores or missing 
out other pores. These were corrected manually by inspecting slices of the original dataset 
overlaid against the adaptively thresholded dataset and filling/erasing pores as necessary.  
 
Reconstructions of ET data required 3D median filtering (3 × 3 × 3 voxel kernel) to remove 
noise. A simple threshold determined visually could then be applied to the complete 
volume to select pores in a manner similar to that outlined previously (Figure 3.7). Both the 
upper limit and lower limits of an acceptable threshold were evaluated against the chosen 
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one to find ~5 % error. There were some regions of under/over selected pores which were 
corrected manually through filling/erasing pores after comparison with the original dataset. 
 
Figure 3.7 Thresholding illustrated for a (a) single slice of ET for S1 and (b) the corresponding histogram 
where visual inspection is required to ensure pores are selected 
 
In all cases, once the pores were separated from the bulk reconstructions it was possible to 
visualise the pore/aperture structures as shown in Figure 3.5 and quantify them.  
 
Quantification of the 3D porous structures obtained from each tomographic technique can 
be broken into several steps. Euclidean distance maps of the original 3D dataset provide a 
gradient measure from the centre of a pore (dark) to its outermost edges (white) as shown in 
Figure 3.8 for a single XMT plane of S1 data following ~200-500 iterations.  
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Figure 3.8 A Euclidean distance map for a single slice of S1 XMT data with darker regions representing the 
pore centre while bright regions represent regions furthest from the pore centre. 
 
On the basis of this type of volume it is possible to employ watershed algorithms as 
detailed in prior studies [108-112] in order to distinguish and separate neighbouring pores 
from one another. This relies on iteratively growing regions from the centre (dark) areas of 
the distance map until they touch a neighbouring region based on parameters entered for 
watershed levels and thresholds. As the algorithms were originally developed for near-
spherical features; there is increased difficultly attaining high accuracy in segmenting non-
idealised crack like features. There is a tendency to either over/under segment some pores 
and can introduce a source of error. For an accurate degree of segmentation the watershed 
parameters require adjustment, the algorithm reiterated and all results evaluated through 
visual inspection prior to selection of a good dataset. Following segmentation, in-house and 
open-source algorithms e.g. ITK [108-114] may be used to individually label each 
separated pore and calculate its respective volume, sizes, dimension etc. However, as many 
pores may be irregular in shape, then it is often convenient to express size in terms of 
equivalent spherical diameter.  
1000 
Microns
 80
 
 
Figure 3.9 Illustration of (a) calculating the size of an irregular aperture using the longest diagonal via the 
bounding box method where the tail section of the aperture skews the result and (b) calculating the aperture 
size using PCA to evaluate which plane, direction and length is important. 
 
The same procedure may be used to determine interconnects/apertures - i.e. the area where 
two or more pores meet. The size can then be evaluated according to a bounding box 
method (see Figure 3.9), however, principle component analysis (PCA) is more accurate. 
An irregular interconnect/aperture can easily distort the shape of the bounding box to 
produce a diagonal measure than does not accurate reflect its own size. PCA is a method 
where matrices of data may be compared against each other to find correlations. It is a 
powerful statistical technique which involves taking the inverse covariant matrix to 
determine a principle axis. Essentially the algorithm can determine the plane which is the 
most important to consider and evaluate its length (Figure 3.9). It was used in this study for 
interconnects and is detailed in other studies [110, 113, 115].  
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3.3 Results and Discussion 
 
The results from using the traditional mercury intrusion porosimetry (MIP) technique are 
discussed first, followed by the tomographic studies (XMT, DB-FIB and ET). For 
tomographic data; equivalent spherical diameters were used when data was quantified.  
 
3.3.1 Mercury Porosimetry 
 
The MIP measurements of the accumulative sample porosity (%) for both catalysts are 
shown in  
Figure 3.10. The total porosity of S1 and S2 is 66 % and 86 % respectively, with the 
majority of their porosity under 10 nm in diameter. The porosity ranged from 3.2 nm to 
10.25 µm in diameter for both catalysts. As the graph is accumulative percentage porosity, 
it indicates two main pore distributions exists, the first at a large (1-2 μm) diameter and the 
second on the mesoscale (< 10 nm) where reactions take place. Between these ranges, 
10-500 nm for S1 and 10-700 nm for S2, the accumulative pore distributions are more level 
and account for less of the total volume of porosity (~5-10 %). From Figure 3.10 less than 
one sixth of the total porosity of S1 is micron sized whereas in S2 just under one third of its 
total porosity is the same size. Therefore, the lower calcination temperature of S2 (580 °C) 
has resulted in more than twice the quantity of micron sized porosity than found in S1 
(800 °C) in which this porosity has been closed. Additionally, on the mesoscale (< 10 nm) 
the S1 curve has shifted towards the right in comparison to S2. This means the higher 
calcination temperature of S1 has coarsened some of the finer mesopores.  
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Figure 3.10 Accumulative sample porosity against equivalent pore diameter for S1 and S2 determined by 
traditional mercury porosimetry 
 
Figure 3.11 Accumulative sample porosity expressed in volume percentage against equivalent pore diameter 
for S1 and S2 determined by mercury porosimetry and compared with multi-scale tomography. The data 
points belonging to each tomographic technique are illustrated with midpoints used where distributions 
meet/overlap. 
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3.3.2 Multiscale Tomography 
 
The multiscale tomography (MT) approach adopted here provides new insights into catalyst 
pore structures The multiscale data was combined together from the three components of 
MT with each tomographic technique providing pore size distribution data for 
approximately one third of the entire scale. However, neighbouring distributions had 
overlapping regions. To combine the datasets the overlapping regions were merged using 
their midpoint values. The steps in the MT graph (i.e. discontinuities in the profiles) are at 
these junction points. These regions lie in the middle of the sizes for which each 
neighbouring MT technique has been optimised. Future improvements in instrumentation 
and acquisition techniques will provide smoother distributions. Following volume 
normalisation, the accumulative sample porosity was then compared against MIP data 
(Figure 3.11). Note that for each tomographic technique some closed porosity was present. 
This data was included as it is not possible to determine if pores, even when they appear 
isolated at a given length scale, are not in fact connected through pores that were not 
possible to image with the tomographic technique used.     
 
Nevertheless, with MT it is possible to see the actual pore shapes, and the pore spatial 
relationships for both S1 and S2. It is clearly apparent across length scales that S1 has 
smaller, plate-like porous channels compared with the larger, open and greatly 
interconnected pore structure of S2 (Figure 3.12-Figure 3.15).  The observed differences 
reflect the effect the higher calcination temperature has had on S1 in reducing its pore size, 
and significantly changing its pore geometry and reducing interconnectivity. Figure 3.12-
Figure 3.15 also show for both catalysts there is a continuous distribution of pores/cracks 
starting from tens of microns getting progressively smaller down towards the mesoscale. 
 84
 
Figure 3.12 Example reconstruction of a sub-section of synchrotron x-ray microtomography volume of a) S1 
and b) S2 catalyst 
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Figure 3.13 3D Pore structures of a) S1 and b) S2 catalyst obtained from synchrotron x-ray 
microtomography. Only a small subsection of the total volume is displayed and colours distinguish separate 
pores 
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Figure 3.14 3D Pore structures of a) S1 and b) S2 catalyst obtained from dual beam focused ion beam 
tomography. Subsections of total volumes are displayed and colours distinguish separate pores. 
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Figure 3.15 3D Pore structures of a) S1 and b) S2 catalyst obtained from electron tomography (STEM 
HAADF). Small sub volumes are shown and colours distinguish separate pores 
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The accumulative sample porosity (%) and pore distributions revealed by MT is compared 
with that obtained from MIP in Figure 3.11. Using MT, the total porosity of S1 and S2 was 
20 % and 40 % respectively. Porosity below 10 nm size was found but the data are noisy in 
this range. While MT has thusfar been unable to resolve much porosity << ~10 nm 
diameter in these catalysts, the total porosity of both catalysts at ~10 nm diameter matches 
the MIP data at the same diameter. From Figure 3.11 is it clear to see MT found pores 
ranging from ~10 nm diameter (in S1 and S2) up to 23 μm diameter for S1 and 40 μm 
diameter for S2. Therefore, S2 has larger pores that are simply not present in S1 which have 
been closed up by the higher calcination temperature (also seen in Figure 3.12-Figure 3.13). 
MT shows the initial pore distributions for both catalysts exist at a large length scale 
(>> 1 μm diameter), this then levels out ~1 μm diameter and continues to increase at a 
lower linear rate indicative of a continuous distribution of progressively smaller 
pores/cracks down towards nanometer length scales. Consequently on calcination some 
porosity is lost at all length scales due to sintering (also seen in Figure 3.12-Figure 3.15). 
The current data found S2 to have twice the total porous surface area of S1.   
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Figure 3.16: Accumulative relative fractional aperture area against equivalent aperture diameter determined 
by multi-scale tomography for S1 and S2. The data points belonging to each tomographic technique are 
illustrated with midpoints used where distributions meet/overlap. 
 
Apertures/interconnects are the boundary regions separating neighbouring pores (Figure 
3.5) identified using algorithms applied to the MT pore data. They form constrictions which 
in turn would inhibit molecular flow between neighbouring pores. Statistical analysis of the 
tomography data makes it possible to verify this (Table 3.1-Table 3.2). Each tomographic 
technique is suited towards detecting features of particular sizes and this is reflected in 
pore/aperture diameters and population spreads found. Nevertheless, Table 3.1-Table 3.2, 
do show the modal (i.e. most frequently occurring) apertures are smaller than the equivalent 
modal pore diameters (both modal values based on number density weighted data). In 
addition, with MT it is possible to obtain aperture distribution curves as shown in Figure 
3.16. Apertures ranging from 3 nm - 18 μm were found for S1 and 2 nm – 30 μm for S2. 
Sample S2, has larger apertures not present in S1 as well as more apertures present in total 
than S1. The aperture distribution trends agree with those found for pores in S1 and S2. 
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There is a continuous distribution of apertures from tens of microns down towards the 
mesoscale. These are all a reflection of the larger, open and interconnected porosity of S2 
caused by the lower calcination temperature. The bigger apertures reinforce the idea that 
molecular flow should be easier in S2 than S1.  
 
The pore size distributions found using MT were also consistent with SEM analysis carried 
out on FEI Leo Gemini FEGSEM (15 kV, resolution 10 nm, 1024 × 1024 BSE images with 
24 bit depth captured over an integration time of 1.5 s - Figure 3.17).    
 
 
Figure 3.17 SEM images acquired in BSE mode illustrating the pores, sizes and their geometry for (a) S1 and 
(b) S2 catalyst pellets. In both cases the trends agree with those observed using MT although epoxy resin 
infiltrates pores decreasing contrast. 
  
Both samples S1 and S2 were found to be isotropic with respect to their pore structure as 
many different regions in the catalyst pellets were investigated. However, S2 was found to 
have larger pores whereas S1 has smaller and more crack like pores. In S1 the 2D analysis 
found porous cracks ranging from ~400 nm up to 20 µm. For S2 pores were more rounded 
100 0 Micronsa b
 91
in nature ranging from ~300 nm up to 30 µm. Note, the measurements of porosity in 2D 
used the longest pore dimension based on 20 pores, and that sample preparation techniques 
allowed some epoxy resin to infiltrated pores for both catalysts reducing contrast in the 
smallest pores. This particularly effected S2 where larger pores were also infiltrated. The 
results in terms of porous structure and comparative pore sizes are consistent with MT data. 
 
 S1 S2 
Technique Sync. XMT 
(µm) 
DB-FIB 
(nm) 
ET 
(nm) 
Sync. XMT 
(µm) 
DB-FIB 
(nm) 
ET 
(nm) 
Modal Pore 
Size 
Diameter 
(De) 1 
6 702 42 17 156  & 725 17 
Pore Range 2-23 184-2660 9-198 5-40 94-3370 6-264 
% Pore 
population 
within2 +σ 
 
94 % 83 % 
 
83 % 88 % 83 % 88 % 
1. Volume expressed as equivalent spherical diameter. Modal values are based on number density. 
2. Where σ is the standard deviation to the nearest bin size from the modal pore size. 
Table 3.1: Information on Pore Size and Distribution using tomographic techniques on S1/S2 
 
 
 S1 S2 
Technique Sync. XMT 
(µm) 
DB-FIB 
(nm) 
ET 
(nm) 
Sync. XMT 
(µm) 
DB-FIB 
(nm) 
ET 
(nm) 
Modal 
Interconnect 
Diameter 
(De) 1 
3 450 26 7 350 10 
Interconnect 
Range 
1-18 72-1770 3-220 2-30 42-2950 2-90 
% 
Interconnect 
population 
within2 +σ 
 
95 % 86 % 77 % 95 % 88 % 83 % 
1. Area expressed as equivalent circular diameter. Modal values are based on number density. 
2. Where σ is the standard deviation to the nearest bin size from the modal interconnect size. 
Table 3.2: Aperture/Interconnect Size and Distribution using tomographic techniques on S1/S2 
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3.3.3 Sintering differences shown by MIP and MT 
 
While the general trends in the MT and MIP data are consistent, there are significant 
differences between the data that could directly influence catalyst performance and are 
therefore important to quantify. While MIP identified porosity down to 3 nm diameter 
which was not present in the MT data, the MT results show large volumes of pores > 1 μm 
diameter that are completely absent in the MIP results (Figure 3.11).  The MT result is 
clearly shown to be reasonable in the 3D rendering (Figure 3.12-Figure 3.15) where pores 
of tens of microns can be seen. Therefore a significant volume of porosity not only lies at 
the micron length scale, but also in the tens of micron size and MT shows this accounts for 
~10 % (S1) and ~15 % (S2) of total sample porosity whereas MIP estimates this < 1% of 
total porosity. Furthermore, pore distribution curves obtained from MT are more 
continuous than suggested by MIP. The conversion of MIP data into pore sizes relies on the 
Washburn model. The model makes many assumptions e.g. porosity is completely open, 
that pores are cylindrical and get progressively smaller for each incremental pressure 
increase. If this is not the case, then the pore sizes are not estimated correctly. For example, 
a smaller pore shielding a larger pore would result in MIP attributing the large pore volume 
to a multitude of small pores totaling the same volume. The repeatability of MIP results 
therefore, does not mean it is accurate but MIP serves to provide an approximate idea of 
actual porosity in the specimen (provided there is no closed porosity). In comparison, MT 
results are also supported by statistical analysis of the tomographic data as shown in Table 
3.1 and more importantly by knowing the physical 3D structure of the pore geometry which 
can be seen as in Figure 3.13-Figure 3.15. It clearly shows this continuous distribution 
unlike the strictly bimodal distribution by MIP. 
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However, MT data is dependant on the image processing, thresholding and segmentation 
route. The pore size distribution as determined by MT data is therefore based on segmented 
pore volume expressed in terms of an equivalent spherical diameter. The aperture size 
distribution calculated by MT is based on the segmented regions of neighbouring pores that 
are in contact with one another. Furthermore, as discussed previously, segmentation is 
never ideal with some regions of the dataset over-segmented whereas others are 
under-segmented. Under-segmented pores would provide an over-estimate of large pore 
sizes. As some porosity is crack-like, apertures are also more difficult to define by the 
algorithms used and can result in unusually small/large individual apertures. This is a 
potential cause for why MT is over-estimating some pore sizes. In comparison, MIP raw 
data only measures volume of mercury intruded into a sample with pressure. Therefore, it 
has a tendency not to see pores where pressure may not be required – i.e. pores larger than 
~1 µm. This can account in part for the differences observed between MT and MIP pore 
size distributions. Secondly, for MIP a model is applied to determine pore sizes. The 
subsequent pore distributions calculated are based on both the aperture diameter and 
volume intruded. As such MIP therefore treats all pores as cylindrical. Taking the 
accumulative volume over all diameters provides the distribution of idealised cylindrical 
pores determined by MIP whereas taking the accumulative area for all pore apertures from 
MT would not be easily comparable. MT calculates pore volumes differently from MIP, 
based on the segmentation of images which ultimately determines its accuracy. Therefore 
both distributions need to be compared across length scales taking their accumulative 
volumes into account.       
 
MT does provide a number of advantages over MIP. The actual pore geometry has a major 
influence on the ease of molecular flow through the catalysts and subsequent catalyst 
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activity, selectivity and yield. From Figure 3.13-Figure 3.15 it is clear to see due to the 
higher calcination temperature S1 has smaller, more plate-like pore structure than S2 across 
multiple length scales. In comparison, S2 not only has larger pores, but they are more 
rounded and highly interconnected. The total pore surface area of S2 found by MT was 
around twice that of S1. The pore structure of S1 and S2 makes it apparent that large pores 
often shield smaller pores which MIP does not take into consideration. Furthermore, it has 
been possible to quantify aperture distributions (Figure 3.16 and Table 3.2) which would 
definitely inhibit molecular flow through neighbouring pores and show there is a 
continuous aperture distribution across length scales as discussed earlier. Finally, MT is 
also a non-destructive technique where the same volume can be repeatedly analysed 
whereas high pressures involved with MIP may cause internal damage to the specimen 
during examination.  
 
3.3.4 Significance of Sintering to Catalysts 
 
Data from MIP shows both S1 and S2 have a bimodal pore distribution with most porosity 
centered on the micron and < 10 nm length scales. The higher calcination temperature of S1 
(800 °C) means it has less than twice the quantity of micron sized porosity of S2 (580 °C) 
and more coarsened mesopores (<10 nm). The total porosity of S2 (86 %) was also greater 
than S1 (66 %). Overall the MIP data suggests S2 has therefore better molecular transport 
properties than S1, but not much further insight is offered. The data collected for MIP and 
MT was also verified against the estimation of total porosity based on bulk density of the 
trilobes. This also found S2 (86 %) was greater than S1 (75 %). While these values are 
closer in agreement to those obtained by MIP than MT, they suggest S1 to have greater 
porosity than found using MIP. A possible cause for this difference could be the difficulty 
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in mercury infiltration in the smaller network of pores present within S1 as shown by MT. 
However, the difference in porosity ~10 % caused by sintering between the samples is 
consistent with both MIP and MT data and therefore also suggests S2 to have better 
molecular transport properties than S1. 
 
From MT it is possible to collect information on pore/aperture distributions, statistical data 
and see the differences in actual 3D pore geometry. It is therefore possible to verify that 
different calcination temperatures produce vastly different pore sizes and 3D shapes which 
would directly affect catalyst properties. For both catalysts there is large (tens of microns) 
pore distributions connected to progressively smaller pore/cracks towards the mesoscale ( 
 
Figure 3.10).  MT data suggests better molecular flow properties exist in both catalysts than 
shown by MIP. Since S2 has larger, more rounded porosity, larger aperture sizes and is 
highly interconnected this means molecular flow in S2 should be easier ( 
 
Figure 3.10- Figure 3.16). It can be considered as possessing a large number of “highways” 
for molecular transport. The average distances in S2 between large pores are reduced 
allowing for shorter molecular diffusion paths. Sample S2 should offer better accessibility 
to active sites and also better reaction rates as it has around twice the total pore surface area 
of S1 found by MT. The selectivity of S1 and S2 would also be different due to the actual 
pore shapes/geometry. The smaller pore/aperture size and plate-like pore geometry of S1 
may also make it more susceptible to pore blockage and catalyst deactivation. While MIP is 
certainly a fast technique and can resolve very fine pores in S1 and S2, MT clearly presents 
many advantages. 
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MIP is known to over-estimate small pore sizes at the expense of larger pore sizes as 
established in many studies [100, 103, 104] and shown by MT in this paper. However, as 
discussed earlier, MT relies on segemented pores, the nature of which can overestimate 
pore sizes. Segmentation is never ideal - over-segmentation would produce too many small 
pores making the dataset meaningless, under-segmentation would provide values but over-
estimate pore sizes. However, it is difficult for MIP to make a distinction between a long 
cylindrical pore and many shorter cylindrical pores. It is evident from MT (Figure 3.12-
Figure 3.15) however, that smaller pores in S1 and S2 are often shielded by larger pores. 
MIP is likely to “see” an equivalent volume of these smaller pores. If any regions are 
unable to be infiltrated by mercury these pores will not be detected at all, and conversely 
damage is possible to the internal catalyst pore structures if mercury pressure is too high. 
Without knowing the actual nature of porosity in a catalyst it becomes difficult to 
understand its observed behaviour.  
 
Furthermore, the aperture distributions determined using MT for both catalysts suggests the 
pressure gradients for a laminar/incompressible fluid passing through S1 and S2 should be 
fairly constant throughout their respective pore structures. This is because the aperture sizes 
continually decrease with pore size and there is no single aperture size that acts to constrict 
fluid flow. 
 
Although general trends provided by MT and MIP agree; the additional information 
provided by MT is important in catalyst development/performance. Sample, S2 should have 
better molecular transport properties than S1 owing to the larger porosity it possesses 
across all length scales for which pores were found. If the larger porosity of S2 also 
translates into more accessible active sites, then S2 will have higher a reaction rate. The 
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differences between S1 and S2 will influence catalyst reaction rates, selectivity of products 
and consequently the turn over frequency. However, unlike MT there is no information 
from MIP to understand the real pore spatial relationships and geometry which affects 
molecular flow. 
 
3.4 Conclusions 
 
Mercury porosimetry (MIP) and multiscale tomography (MT) was carried out on two silica-
alumina catalysts, S1 and S2 prepared under calcination/sintering temperatures of 800 °C 
and 580 °C respectively in order to quantify their pore structures and understand what 
insights MIP/MT can provide for better tailoring of ceramic catalyst properties.  
 
The results described in this chapter have demonstrated important findings in the following 
areas: 
(i) In carrying out MT, a new dual beam focused ion beam acquisition geometry 
was successfully employed that reduced uneven contrast in the images.  
(ii) MIP of sintered/calcined S1 and S2 produced pore size distribution curves, 
finding total porosity and detecting pores down to 3 nm diameter. MIP 
following the sintering of S1 and S2 suggests both have bimodal pore structures 
centered on the ~1 μm and < 10 nm diameter length scales. It fails to provide 
much more significant insight into S1 and S2 and since it indirectly measures 
porosity it relies on false assumptions e.g. small pores are never shielded by 
larger pores. 
(iii) MT was unable to detect much porosity < 10 nm diameter length scales, but is 
very valuable quantifying porosity of the sintered/calcined catalysts and offering 
new insights into their structure. It successfully provided total porosities of S1 
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and S2, pore size distributions, aperture/interconnect size distributions, pore 
surface areas, statistical information, actual 3D pore geometry, spatial 
relationships and interconnectivity. It comprehensively showed MIP missed 
nearly all large scale porosity > 1 μm, that there was a continuous distribution of 
pores/channels from tens of microns towards the mesoscale and small pores 
could be shielded by larger pores. This in turn allowed for better understanding 
into the molecular transport properties of S1 and S2.  
(iv) The sintering/calcinations of S1 and S2 produced different porous structures. 
Catalyst S2 was found to have ~15-20 % more total porosity than S1 by both 
MIP and MT. MIP suggested bimodal pore distribution and S2 having more 
large porosity than S1. The MT results showed S1 and S2 to have large physical 
differences between their pore structures. Across length scales S1 possess 
smaller, more plate-like pore geometry whereas the larger, more open and 
interconnected pores of S2 reveal the difference caused by lower 
sintering/calcination temperatures. The total pore surface area of S2 found by 
MT was around twice that of S1. In addition, from MT both catalysts were 
found to have a more continuous distribution of pores than suggested by MIP. 
Pore/aperture data from MT suggests S2 to have better transport properties than 
S1, as S2 possesses larger porous “highways” reducing diffusion distances 
molecules would have to travel to reach/leave an active site. 
 
The study shows higher temperature sintering/calcining of S1 (800 °C) over S2 (580 °C) 
closes ~15-20 % porosity. However, MT revealed this occurs more continuously across all 
length scales from tens of microns down to nanometers than suggested by MIP. 
Furthermore, the actual pore geometry and interconnectivity is transformed from large open 
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interconnected pores in S2 to thinner plate-like pores in S1. This difference is most 
significant on micron length scales. Overall data suggests S2 to have better molecular 
transport properties than S1. The study also shows both MIP and MT can compliment each 
other. Useful quantitative information can be gathered and compared and short-comings in 
either MIP or MT can be overcome by the other technique. MT can provide new key 
insights important for improving catalyst performance. This would allow more accurate 
prediction of catalyst behaviour and better tailoring of their properties.  
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Chapter 4 : Permeability modeling across length scales in 
hierarchical porous structures2 
 
 
4.1 Introduction 
 
Heterogeneous catalysts often exhibit hierarchical pore structures spanning length scales 
from micrometers to nanometers [98]. The transport of molecules to and from active sites 
ultimately determines the catalyst pellets performance [89, 94, 98]. If the porosity within a 
catalyst pellet is sufficiently large enough not to impede molecular flow and the internal 
surface is considered energetically homogenous, then the rate of reaction is directly 
proportional to the surface area available [116]. If the pore structure is not ideal then 
transport of molecules to and from the active site may become the reaction rate limiting 
step. Transport of reactant and product molecules occurs over many length scales (Figure 
4.1). On the scale of the reactor bed (metres) the fluid flows around the pellets, while on the 
pellet scale the reactant flows into fissures/macro-pores (~ μm). In turn, these connect into a 
network of finer pores on the mesoscale (~ nm) before reaching active sites where catalysis 
can take place. Therefore, there is clearly a need to understand fluid flow through catalysts 
pellets across multiple length scales and relate this to their structure and this can be carried 
out using multiscale tomography. 
                                                 
2 Large portions of this chapter will be submitted for journal publication following final clearance from Shell  
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Figure 4.1 A catalyst pellet bed with the pore structures responsible for reactant/product transport 
 
Characterisation of complex hierarchical pore structures is challenging and many different 
models have been created to simulate transport properties in porous materials [117, 118]. 
There has been considerable work done in understanding multiscale fluid properties using 
permeability, in fields ranging from geology to biomaterials and foams [22, 119-121]. Early 
permeability work centred on simplified analytical approaches [122] and have been 
expanded into areas such as two phase flows in materials [123]. However, through three 
dimensional (3D) imaging techniques such as tomography and increases in accompanying 
computational power, accuracy of results has improved as Navier-Stokes equations may be 
solved for fluid flow through highly complex pore structures to calculate permeability [22, 
124].  
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The Lattice Boltzmann (LB) method has been used in the calculation of permeability of 
hierarchical porous structures as a mesoscopic approach to bridge microscopic phenomena 
and continuum equations such as Navier-Stokes and Stokes [125]. Permeability calculated 
using LB is essentially scaled into a continuum macroscale model [126] using a modified 
Brinkmann equation [127] that facilitates the matching of boundary conditions between the 
larger pores and smaller pores in the porous media. Nevertheless, the method still requires 
3D macro-porous data to be supplied (typically through tomography) and the LB method of 
fluid dynamics is essentially a particular solution of Navier-Stokes.   
 
Alternative methods to calculate permeability include using pore-scale networks extracted 
from 3D images [128]. These techniques can span a few length scales of porosity and are 
computationally simple to perform. Studies using pore-scale networks have shown 
permeability particularly decreases with reduced pore space connectivity [128]. While in 
good agreement with tomography experiments, they rely on simplifying pore structures and 
can only span length scales present through the original 3D dataset.  
 
Precise three dimensional (3D) calculation of permeability in catalyst pellets across 
multiple length scales in porosity has received limited attention in comparison. Calculating 
permeability within porous catalyst beds has already been demonstrated in a manner 
concurrent with other studies and the planned approach in this chapter [22, 124, 129]. 
Mesoporous media such as alumina have been stochastically reconstructed and used to 
calculate transport properties (Knudsen diffusivity, molecular diffusivity and permeability) 
at different length scales. Flow through larger macroscale pore structures were simulated 
using finite difference rather than finite element [130]. Despite being insightful and in 
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agreement with experiments, it is not clear if the pore structure generated is truly 
representative of the material and it is a difficult method to employ.  
 
It is apparent many different methods, across many different length scales have been 
utilised in order to calculate transport within porous media. Despite this there is still a clear 
need to understand fluid flow through catalyst pellets using their actual pore structures, 
reducing assumptions and couple this across the length scales that catalyst pellets operate. 
Tomography is frequently used, however the field of view decreases with increasing 
resolution and x-ray tomography is particularly favoured in most permeability studies. In 
this chapter we will model the fluid flow through real hierarchical pore structures in 
catalyst pellets using synchrotron x-ray microtomography (XMT), dual beam focused ion 
beam tomography (DB-FIB) and electron tomography (ET) together to bridge across 
multiple length scales from nanometers up to hundreds of microns all in 3D known as 
multiscale tomography (MT).  The computational fluid dynamics (CFD) approach will be 
similar to other studies [22] using continuum equations, but will couple permeability across 
the length scale that catalyst pellets operate. The data will provide valuable insight into how 
these pore structures function, the effect of processing conditions on permeability and 
which catalyst pellets possess better molecular transport properties. In doing so better 
catalysts can be developed in future through understanding how to tailor porosity.  
 
4.2 Materials and Methods 
 
Two heterogeneous silica-alumina catalysts were compared in this study. The catalysts, S1 
and S2, were produced using the same quantities of SiO2 and Al2O3 (S2 also contained ~1 
wt. % Pt) and were calcined at 800 °C and 580 °C, respectively. The pellets were dried, 
 104
calcined then loaded and activated [87, 98]. The catalysts were investigated using three 
different tomographic techniques to characterise their porosity. The reader is referred to 
Chapter 3 for further details. In this chapter, permeability and the molecular transport 
properties of the catalyst pellets is considered. The multiscale tomography (MT) results 
were compared to physical experiments.  
 
4.2.1 Other Materials – Titania  
   
Titiania pellet based catalysts are also used in the petroleum industry to hydrocrack carbon 
molecular chains into smaller products. They often possess high internal surface area, 
chemical stability and good thermal/mechanical properties making them ideal for use in 
particular environments. Four heterogeneous titania based catalysts were compared in this 
study. The pellets were manufactured through mixing precursors into a slurry, then 
extruded into tri-lobed cylinders, dried, calcined and loaded in the same manner as 
silica-alumina catalyst pellets. The titania based catalysts; T1-T4 had the same composition 
as each other, but were prepared under different environmental conditions (see Table 4.1). 
The permeability of the titania based catalysts is modeled using MT data then compared to 
experiments in the same manner as silica-alumina based catalyst pellets.  
 
Table 4.1: Table of conditions used for the preparation and manufacture samples T1-T4 
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4.2.2 X-ray Microtomography (XMT) 
   
For both silica-alumina catalyst pellets, the previous dataset outlined in Chapter 3 is used. 
Similarly for T1-T4 titania based catalyst pellets; the same methodology in Chapter 3 was 
used to acquire the dataset. 
 
4.2.3 Dual Beam Focused Ion Beam Tomography (DB-FIB) 
 
For both silica-alumina catalyst pellets, the previous dataset outlined in Chapter 3 is used. 
For the titania catalysts pellets T1-T4, the samples were analysed using a FEI Quanta 200 
DB-FIB using the new bevelled acquisition geometry and methodology outlined in Chapter 
3 and illusrated in Figure 4.2. The exposed face was imaged in back scattered electron 
(BSE) mode.  
 
Figure 4.2 (a) Illustration of dual beam focused ion beam geometry set up. A large U-shaped trench was 
created leaving a finger-like protrusion which forms the catalyst region of interest. (b) The geometry in which 
the ion beam sputters away the finger protrusion in a bevelled manner and the direction of the electron beam 
used in imaging the revealed face. 
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For T1-T4 the Ga+ ion beam serially sectioned an 8 μm wide protrusion, with height 5 μm 
backward with voxel resolution of 20 nm. BSE images at 15 kV and a magnification of 
around ×15000 were acquired. However, in all cases serial sectioning was stopped as no 
features of interest could be discerned across the titania pellets.    
4.2.4 Electron Tomography (ET) 
 
For both silica-alumina catalyst pellets, the previous dataset outlined in Chapter 3 is used. 
For the titania catalysts pellets T1-T4, the samples for ET were prepared and imaged in the 
same manner as outlined for S1/S2 earlier in Chapter 3 although, the images were acquired 
over ±70° tilt angle in 2° increments with a final voxel resolution of 2 nm following image 
alignments.  
 
4.2.5 Image Analysis 
 
Image analysis techniques had to be applied to all the tomographic reconstructions. This 
served to reduce noise, detect the pores and quantify them. The procedure involved 
conversion of 3D grayscale datasets into binarised as outlined in Chapter 3. Subsequently 
the pores may be meshed for fluid flow analysis using techniques detailed in other studies 
[108-110].  
 
4.3 Permeability Experiments 
 
The permeability of tri-lobe pellets of both S1 and S2 was measured on individual catalyst 
specimens. Clean, straight pellets were chosen and their height was measured. The pellets 
were then tightly wrapped using heat shrinkable plastic followed by mounting in a 3 mm 
hollow cylindrical brass tube using epoxy-resin. Once set, the brass tube was ground and 
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polished until both the top and bottom faces of the catalyst pellet were exposed. This was 
carefully mounted into the apparatus as shown in Figure 4.3.  
 
 
Figure 4.3 Schematic of experimental set-up for the determination of permeability in catalyst pellets 
 
All taps were closed and gaps sealed. The vacuum pump was turned on and the specimen 
was evacuated for 30 minutes. After this demineralised water from the reservoir was used 
to create and maintain a hydrostatic head. The flow rate through the pellet was measured 
into a graduated pipette.  Together the steady state flow rate, applied pressure and Dupuit-
Forchheimer equation: 
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where (δP/δx) is the pressure gradient, μ is dynamic viscosity, ρ is fluid density, ν is 
superficial velocity and K2 the non-darcian permeability can be used to determine the 
Darican permeability K1 [22, 131]. The same approach was used for sample, T3. 
 
4.4 Permeability Simulation and Considerations 
 
In order to model the permeability through the catalyst pellets a number of steps were 
undertaken. Firstly, the tomographic volumes were mirrored using a commercial package 
(MATLAB, Mathworks Ltd., Cambridge, UK).The process involves taking the original 
dataset, applying a 180 ° rotation and joining the volumes together as illustrated in Figure 
4.4. 
 
Figure 4.4 Schematic of a simulation volume used to calculate permeability at a given length scale. Through 
assigning appropriate values to the bulk it is also possible to incorporate the effect of channels (sizes and 
geometry) not present at this length scale but those which are present in the bulk.     
 
Typically between three and five feature sized lengths are required to achieve good flow 
stabilisation. Mirroring allowed a large volume to be created to provide sufficient volume 
for the inflow to stabilise during simulation. The volumes were checked to ensure there 
were free paths for fluid flow in the direction desired. The tomographic datasets were 
thresholded and image processed in order to discern the pores from the bulk volume. The 
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data was first imported into a commercial package (ScanIP, Simpleware Ltd., Exeter, UK). 
The regions of interest were selected using a flood-fill algorithm. A buffer region was 
added both upstream and downstream to the volume (Regions 1 and region 5 in Figure 
4.4.). Meshing was performed using ScanFE (Simpleware Ltd., Exeter, UK) and exported 
for simulation in a computational fluent dynamics (CFD) program (Fluent, Ansys Inc., PA, 
USA) [22]. Within the CFD program a low inlet velocity (0.0001 m/s) was entered and 
pressure outlet was set. The “bulk” solid volume may be assigned properties (e.g. 
permeable) depending on the simulation requirement. A non-slip condition was chosen as 
this is a robustly defined condition within the CFD package.   
 
Following simulation the pressure gradient (δP/L) was calculated between two planes 
(Figure 4.4) and used with Darcy’s law (Equation 16) to calculate the permeability [22, 
131]: 
 




1Kx
P          (16) 
where (δP/δx) is the pressure gradient under steady state, μ is dynamic viscosity, ν is 
superficial velocity and K1 is permeability. The permeability can be calculated as all other 
variables are known However, what is not known is the size of region the permeability 
should be calculated on to be representative. Therefore, the permeability is initially 
calculated for a small child sub-region extracted from the full dataset. Successively larger 
child volumes are then considered, sincethe values determined for small data volumes are 
more likely to be subject to any local inhomogeneity within the dataset. The procedure is 
repeated for increasingly larger volume sizes (known as representative elementary volumes, 
REV) until permeability values stabilise and become representative of macroscopic 
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properties of the catalyst pore structure. Depending on the porous structure of different 
materials this can occur between ~3-5 characteristic feature sizes in length [22, 131].  
4.5 Results and Discussion 
 
Pelletised catalysts provide both mechanical support and a high internal surface area for 
active sites. In the preceeding chapter multiscale tomography (MT) was used to illustrate 
that heterogeneous silica-alumina catalysts have a continuous distribution of cracks and 
pores ranging in size from from tens of microns down to nanometres. It was concluded that 
the higher calcination temperature of material S1 (800 °C) significantly reduced the overall 
percentage porosity in comparison to S2 (580 °C), particularly effecting pores that were 
> 50nm. It was also observed that this altered the interconnect size distribution and 
morphology of the pores (to a more plate-like shape). In this study we will demonstrate that 
by coupling the flow properties across the length scales, the impact of these structural 
changes upon the transport properties (and hence activity), of catalysts can be calculated, 
even scaling all the way up to the industrial packed bed scale.  
 
However, before a reaction can occur the molecules must navigate through complex 
hierarchical pore structures across several length scales. The MT and CFD approach to 
calculate permeability offers new insight into understanding how differences caused by the 
sintering affect the transport properties of the catalysts. Below a methodology is 
demonstrated which allows both the characterisation of permeability from the nanometer to 
centimeter scale, and its coupling. For all cases the calculated Reynolds number (Re) < 0.1 
and therefore flow was considered laminar. 
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4.5.1 Multiscale Tomography and Multiscale Permeability 
 
For both samples the results demonstrate that diffusion of molecules into the pellets first 
occurs through cracks and fissures ranging from a micron to hundreds of microns in length. 
Fluid flow through porosity at this length scale was simulated using mirrored synchrotron 
XMT data. The calculated mean permeability tensor resulting from the CFD simulation for 
S2 is shown in Figure 4.5. The permeability was calculated for increasing representative 
elementary volumes (REV) until fluid flow through the pores (at the XMT length scale) 
stabilised and became representative of bulk flow. For S2 this occurs at ~120 μm in length 
corresponds to 6-7 times the modal pore diameter. The permeability was found to be 24.8 
milli-Darcys (mD) at this length scale. (Table 4.2) The same procedure was repeated for S1 
and the permeability was calculated as being 0.4 mD. (Table 4.2) At this length scale, 
catalyst pellet S2 has permeability two orders of magnitude greater than S1 attributable to 
the larger, open pore structure it possesses as a result of lower calcination temperatures. 
Comparison against experimentally derived permeability across a single pellet found a 
similar trend, although the difference was a single order of magnitude; 13 mD and 5 mD for 
S2 and S1, respectively (Table 4.2) .   
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Figure 4.5 Graph of average permeability tensor against representative elementary volume (REV) edge length 
for S2 based on Synchrotron XMT data 
 
 
 
 
Figure 4.6 Graph of average permeability tensor against representative elementary volume (REV) Size for S2 
based on DB-FIB data 
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Figure 4.7 Graph of average permeability tensor against representative elementary volume (REV) Size for S2 
based on ET data 
 
The next series of fissures/cracks encountered by molecules in the pellets are macropores 
ranging from microns down to hundreds of nanometers in length. Fluid flow through 
porosity at this length scale was simulated using mirrored DB-FIB data. The plot of the 
mean permeability tensor for S2 against REV (Figure 4.6) shows that the fluid flow 
stabilises around 3-4 μm REV size which corresponds to 4-5 times the modal pore diameter 
of S2. Differences between the components of the permeability tensor are large below this 
REV size. The permeability of S2 at this length scale was found to be 4.5×10-1 mD. (Table 
4.2) Permeability through S1 pore structure at this length scale was found to be two orders 
of magnitude at lower than S2, being 7.5 ×10-3 mD. (Table 4.2) Again, this is attributed to 
lower calcination temperature of S2 which means it retains better fluid transport properties 
over S1 at this length scale.   
 
The molecules then encounter finer macropores and pass through mesopores ranging from 
hundreds of nanometers to tens of nanometers in length. This forms the smallest scale of 
porosity responsible for transport prior to reaching the length scale where active sites 
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become relevant and chemical reactions take place.  Fluid flow through these cracks/pores 
was simulated using mirrored ET data. The plot of mean permeability tensor for S2 against 
REV size at this length scale stabilises for REV sizes > 100 nm corresponding to 5 times 
the modal pore diameter of S2. (Figure 4.7)  However, differences between the components 
of the permeability tensor vary much more significantly than for DB-FIB or XMT length 
scales. Difficulty in attaining a good REV convergence can be attributed to the small 
thickness in the electron beam direction of the specimen as it requires being electron 
transparent. This also results in some porosity appearing isolated although it may be 
connected through even finer pores. Furthermore, at the ET length scale molecular dynamic 
simulations would provide more accurate results than the continuum modeling applied 
currently. The permeability at this length scale was found to be 5×10-4 mD and 5×10-5 mD 
for S2 and S1, respectively. (Table 4.2)  
 
Figure 4.8 Graph of Permeability against average modal pore size (expressed in equivalent diameter) for both 
catalysts. Combined refers to scaling the permeability value from ETDB-FIBSync.XMT data (with the 
smaller 3D length scale providing values for use in the next larger 3D length scale)  
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Table 4.2: Table of permeability values as calculated from simulations 
 
The results for both S1 and S2 show that permeability increases across length scales from 
nanometers to microns. (Figure 4.8, Table 4.2). The increase in permeability is 4 orders in 
magnitude for S1 and 5 orders in magnitude for S2 calculated using the pore structures 
obtained from MT. This correlates well with the observed 3D pore structures and reflects 
the fact that channels get progressively larger from the mesoscale for both catalysts pellets. 
The permeability of S2 is around 1-2 order of magnitude greater than S1 across length 
scales for which there is data (Figure 4.8-Figure 4.10) ranging from 5×10-4 mD (~30 nm 
range) up to 66 mD (~10 μm range). In comparison S1 ranges from 4.5×10-5 mD (~30 nm 
range) up to 3 mD (~10 μm range). The experiments confirm that S2 has better 
permeability than S1 being 13 mD and 5 mD, respectively.  
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Figure 4.9 Example of scaling the permeability (K) of volume A into the bulk of volume B on the next length 
scale with example C where the principle has been applied  
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Figure 4.10 Example of scaling up fluid flow from nanometres through the model combining bulk and 
channels for (a) S1 and (b) S2 shown at the tens of micron length scale. Single slices through a subsection of a 
3D tomographic dataset are shown. (c) Illustrates a full 3D rendition of fluid flow (silver) through large pores 
(red) that act as ‘highways’ into finer pores, shown for S2. 
 
However, fluid transport in the catalyst pellets occurs with reactants/products passing 
through many smaller cracks/channels not accounted for which are present in the apparent 
“bulk solid” volume away from the main channels at a given length scale. As shown in 
Figure 4.8 - Figure 4.10, the hierarchical nature of porosity across length scales can be 
coupled/combined in the permeability calculation e.g. the permeability as determined by ET 
can be used as a “bulk solid” volume property for DB-FIB and this can be used as a “bulk 
10 μm C
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solid” volume property for synchrotron XMT for S2 and S1. The results show for both 
catalysts the fluid flow in finer channels becomes significant on the micron to tens of 
micron length scales (Figure 4.8). Once the finer cracks/channels are taken into account, the 
permeability of S2 more than doubles and S1 increases by 1 order of magnitude (for length 
scales ~10 μm). At the DB-FIB length scale (100-1000 nm) it is clear S1 is more reliant on 
fluid flow through the bulk than S2. As S1 possesses smaller porosity than S2, then more 
fluid is forced to pass through finer pores present at a smaller length scale.  
 
It is evident from the data that S2 exhibits better fluid flow properties and easier 
accessibility to active sites than S1 and consequently could have a higher reaction rate. The 
average distances in S2 between large channels/pores are reduced, relative to S1, allowing 
for shorter molecular diffusion paths. From Figure 4.8 and Figure 4.10 it is evident that S2 
is less reliant on bulk fluid flow than S1. Simulations show that most fluid flow through the 
volume bulk is between 1-4 orders of magnitude slower than through large channels on the 
micron length scale. Therefore, the larger diffusion paths in S1 offer greater time for 
molecules to reach and interact with active sites. Conversely, this also makes S1 more 
susceptible to pore blockage. Any pore blockage of S1 would have a larger impact on 
reducing the reaction rate of S1 than S2 as it already has greater reliance on bulk flow. 
 
The results verify that different calcination temperatures produce different 3D porosity 
across multiple length scales which directly affect catalyst transport properties. The 
porosity of S2 is larger, more open, interconnected and it has twice the total porous surface 
area of S1. The data shows S2 has better transport properties than S1 which should translate 
into shorter diffusion paths and better rates of reaction. The ability to understand fluid flow 
through these pore structures ultimately allows for better tailoring of the whole catalyst to 
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increase turn over frequency. The transport properties therefore have a major influence on 
catalyst activity, selectivity and yield. 
 
4.5.3 Effect of Mesh Coarsening  
 
The quality and size of the meshes used during simulations affect the results generated. 
Very coarse meshes may provide inaccurate values or fail to run altogether. Conversely, 
very fine meshes consume excessive processing power beyond what is necessary for the 
result. The current simulations used the best quality and finest meshes possible for the 
volume size in consideration. Adaptive meshing was applied on all samples in order to 
minimise size but maintain quality through concentrating elements at pore surfaces.  
 
Voxel Size (nm) 
Used 
New voxel as  % 
size of original 
voxel size used 
Permeability for 
DB-FIBs (mD) 1 
46 100 4.5×10-1 
58 80 5.8×10-1 
77 60 7.1×10-1 
115 40 7.9×10-1 
   1. Where mD is milli-Darcys 
Table 4.3: Table of mesh coarseness and permeability for S2 based on DB-FIB data 
 
The effect of mesh coarsening is illustrated in Table 4.3. for DB-FIB data from S2. As the 
mesh is coarsened, then there is an increase in permeability. This can be attributed to the 
loss of surface detail from the starting mesh.  Severe mesh coarsening would average out 
pores or regions of solid altogether. While the best finest possible meshes were used, they 
can influence results and are a potential source of error.  
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4.5.4 Other Materials 
 
Application of the same procedure in determining permeability for four titania based 
catalysts, T1-T4 with the same composition but prepared under different conditions (see 
Table 4.1) was carried out.  
 
The porosity in the titania catalyst pellets was found to be very fine. There was no notable 
porosity found using either synchrotron XMT or DB-FIB, however the pore structure was 
successfully captured using ET (Figure 4.11). 
 
Figure 4.11 Typical example of fine porosity in samples T1-T4 visible when using (c) ET (HAADF STEM 
image) but not other tomographic techniques e.g. sync.XMT/DBFIB (a, b) 
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B
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The CFD simulations were then run to determine the permeability of these porous 
structures as carried out earlier in this chapter. The plot of the mean permeability tensor 
against REV edge length (Figure 4.12) for sample T1 shows that fluid flow stabilises 
around  250-300 nm REV edge length. This is approximately fives times the modal pore 
diameter of T1 (Table 4.4, Figure 4.14). 
 
 
Figure 4.12 Graph of average permeability tensor against representative elementary volume (REV) Size for 
T1 based on ET data 
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Figure 4.13 Pore structures of a) T1, b) T2, c) T3 and d) T4 as obtained from ET. A subsection is 
displayed and colours distinguish pores. 
 
From the ET datasets quantitative information chracterising the porous structure of samples 
T1-T4 (Figure 4.13) was obtained following watershedding and segmentation of the pore 
structures in the same manner as carried out for S1/S2 in Chapter 3. It was then possible to 
determine pore/aperture size distributions for the titania based catalysts with an example 
shown in Figure 4.14 (number density weighted) and then produce statistical data as shown 
in Table 4.4 .  It was also possible to determine points where multiple paths/routes through 
200 nm 
a b 
200 nm 
c d 
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the pore structure met to form junctions carried out using a modified algorithm originally 
implemented by Arganda-Carreras but based on a number of studies [132-134]. The 
permeability results and pore structures of T1-T4 produced under different conditions were 
then compared.  
 
Figure 4.14 Example of pore size distributions expressed in equivalent spherical diameter found for samples 
T1-T4 using ET (as MT shows no porosity at DB-FIB/XMT length scales) 
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Table 4.4: Permeability and porosity values for T1-T4 as determined by MT (specifically ET, as DB-
FIB/XMT data shows no porosity) 
 
Voxel Size (nm) 
Used 
New voxel as  % 
size of original 
voxel size used 
Permeability for T1 
(mD) 1 
4 100 1.9×10-2 
5 80 2.1×10-2 
6 60 3.0×10-2 
10 40 4.1×10-2 
   1. Where mD is milli-Darcys 
Table 4.5: Table of mesh coarseness and permeability for T1 
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Table 4.5 shows the effect of mesh coarsening on the permeability of sample T1. As noted 
in earlier examples, coarsening is a source of potential error as it can change permeability 
values, despite the best quality meshes being used for the volume.  
 
The pore structure and network of T1-T4 catalysts as found using ET are shown in Figure 
4.13 and Table 4.4.  It is evident from the results that molecules can only be transported 
to/from an active site through a network of very fine pores. As there are no crack/fissures 
which progressively get smaller across multiple length scales from macropores to 
mesopores, this reduces the ability of molecules to quickly reach/leave active sites present 
deep within the bulk of the titania based catalysts.  The permeability cannot be scaled up 
through DB-FIB and Sync.XMT length scales and consequently remains small for all 
samples (Table 4.4). This also makes any pore blockages more significant in reducing the 
catalytic reaction rate during operation, particularly if these pores are near the pellet surface 
since the catalyst pellets are reliant on fluid flow through their bulk. 
 
The data shows fluid flow through T1-T4 is affected by the preparation conditions. 
Calcination of T2 at 550 °C has coarsened the pore structure compared to T1 which was 
subjected to a low pH environment (Figure 4.13). Consequently, T2 has larger 
pores/interconnects than T1 and ~ 6 times the number of junctions where three different 
fluid paths coincide (Table 4.4). The transport properties of T2 are therefore better with 
permeability reaching 3.9×10-2 mD instead of 2.5×10-2 mD in T1. The low pH and higher 
calcinations temperature (650 °C) of T3 has resulted in a pore structure that is significantly 
coarser, than either T1 or T2 at the electron tomography length scale with total sample 
porosity dropping to around 28 %.  The transport properties of T3 are better than the other 
pellet samples as T3 has large porosity with good interconnectivity with many 
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neighbouring junctions between pores (Figure 4.13, Table 4.4). Therefore the ability of 
fluid to flow through T3 is higher than T1 and T2 with permeability increasing to 
4.4×10-2 mD. Sample T4 was found to have the lowest permeability at 1.9×10-2 mD. In 
comparison to samples T1-T3 the T4 pore size is large, however both the interconnect size 
is relatively small and the total porosity is small and clearly shows the effect these factors 
have in reducing transport properties. Determination of experimental permeability of T3 
(1 mD) was difficult as porosity was very fine. The tortuousity of the pores was calculated 
and it was found to be consistent for all samples T1-T4 with a chord length ~20 % larger 
than the direct distance across the pore. The results verify that different production methods 
produce different 3D porosity across which directly affects catalyst transport properties. 
 
In summary, the transport properties of T1-T4 are susceptible to bulk pore blockages in the 
absence of a macro to mesocale pore network. However, having larger pores/interconnects 
is important e.g. through pore coarsening, and with good connectivity this results in better 
transport properties as reflected by T3. These factors are influenced by the manufacturing 
conditions for the same type of pellets. 
4.6 Conclusions 
 
Multi-scale tomographic (MT) data was used to perform computational fluid dynamic 
simulations (CFD) of fluid flow through hierarchical pore structures. Two silica-alumina 
catalysts, S1 and S2 were prepared under calcination temperatures of 800 °C and 580 °C 
resulting in different total porosity, pore spatial relationships and pore geometry. 
Consequently, despite being produced for the same chemical reaction, they possess 
different molecular transport properties.   
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The results described have demonstrated important findings in the following areas: 
(i) It is possible to use MT and CFD to calculate permeability and scale it upwards 
through four orders of magnitude in length.  
(ii) The lower calcination temperature of S2 (580 °C) results in less sintering than in 
S1 (800 °C), twice the internal porous surface area and significantly better 
transport properties. 
(iii) S2 consistently had higher permeability than S1 across all length scales by 1-2 
orders of magnitude. 
(iv) From coupling length scales it is evident S2 is less reliant on bulk fluid flow 
than S1. 
(v) The reaction rate of S2 should be less vulnerable to blockages within pores. 
(vi) From coupling length scales, it is clear the influence of bulk flow becomes much 
more significant >>1 μm 
(vii) The work clearly shows S2 has better molecular transport properties than S1. 
This can allow for better prediction of catalyst behaviour and better tailoring of 
their properties.  
(viii) Titania samples only have nanoscale porosity making them dependant on bulk 
transport and susceptible to pore blockages due to the absence of a larger scale 
pore network. 
(ix) Larger porosity through coarsening helps significantly improve titania pellet 
transport properties as does increasing total sample porosity. The sample with 
the lowest porosity had comparatively lower permeability. 
(x) The model does not account for overlapping pore populations between different 
tomographic techniques.  
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Chapter 5 : Thermal/Mechanical Modelling of Pellet Beds3 
 
 
5.1 Introduction 
 
Heterogeneous catalysts often exhibit hierarchical pore structures spanning length scales 
from micrometers to nanometers in size [98]. The ability of molecules to reach and leave 
active sites ultimately determines catalyst performance [89, 94, 98]. The titania based 
catalyst pellets in this chapter are no exception to this and the flow of molecules occurs 
through a network of fine network of mesoscale (~ nm) pores within the pellet. At the scale 
of the reactor bed (~ metres), the fluid flows around the pellets and in/out of them. Fluid 
flow within and around the pellet changes if the mechanical integrity of the catalyst pellet is 
compromised. Crushed pellets would fill empty spaces important for molecules to flow 
through and reach /exit other pellets. This is important, particularly if the pellets have a fine 
network of mesoscale pores as diffusion cannot occur through larger channels and diffusion 
distances are increased. On the reactor bed scale, there would also be pressure jumps 
caused by the crushed pellet material filling channels [135]. There is clearly a need to 
understand the stresses experienced by catalyst pellets and their likely cause of mechanical 
failure in order to maximise the efficiency of the production process. 
 
For many ceramic porous materials, high mechanical strength is desirable simultaneously 
alongside high porosity. In the case of catalyst pellets this would allow them to withstand 
larger pressure variations while increasing total available internal surface area available for 
reaction [89, 94, 98]. Depending on the structure of a porous ceramic, regions of stress 
concentration can occur either on the surface or internally. Ceramics have very high 
                                                 
3 Note, work in this chapter will be submitted for consideration once a journal is decided upon  
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compressive strengths, but under tensile load, failure is often defect initiated hence flexural 
strength is the preferred measure [136-139] or alternatively statistical Weibull methods 
[138, 140].    
 
Manufacturing of titania based catalyst pellets involves sintering a green body [90, 98] and 
a large number of considerations need to be taken into account at this stage, e.g. particle 
sizes, distribution, purities, agglomeration, pressing, pore forming agents, heating etc. 
Many of these factors have been studied, but most have focused on final yield rather than 
correlating catalyst structure and stresses to this performance. Prior studies include: 
sintering mechanisms; activation or composition [98, 141] and on larger length scales 
relating pellet shapes to diffusion and yield [142]. Outside the catalyst field, there have 
been many studies in ceramic systems correlating structure and porosity (at many scales) to 
performance, both functional and mechanical [110, 131, 143]. The volume fraction of 
porosity, thickness of walls between pores and degree of open/closed porosity influence the 
macroscale mechanical behaviour of porous materials. Work by Gibson-Ashley developed 
many microscale models to take these factors into account [144] using a cellular approach, 
in 3D. However, these models often idealise the pore structure and are more accurate for 
materials with lower porosity than higher porosity. Other works include relating porosity to 
macroscale fracture strength, elastic deformation, and other macroscale mechanical 
properties. [131, 145, 146]. These models, which simplify many factors, still provide useful 
insight relating ceramic porosity to macroscale mechanical properties [131, 145, 147-151]. 
Recently, techniques which can incorporate the complex geometry and heterogeneity of 
ceramics and foams have been developed, for example, finite element modelling (FEM) 
following x-ray analysis of samples are being used to provide insight into macroscale 
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mechanical properties [131, 143, 152-156]. In these cases accuracy is improved over earlier 
methods as real structures are used. 
 
For the titania based catalyst pellets, work using electron tomography (ET) in chapter 4 
(Figure 4.13, Table 4.4) revealed nanoscale internal isotropic porosity of ~20-55 % 
(depending on pellet production method, typically ranging 40-120 nm, with modal sizes 59-
114 nm) which is difficult to model using continuum FEM [157]. However, for mechanical 
properties of porous ceramics, the homogeneity of the material is very important and 
especially of the struts [131, 144, 148, 158]. The titania pellets are used in tightly packed 
beds and bulk crushing strength (BCS) has often been used in these situations in order to 
understand mechanical behaviour [135, 159, 160]. Both analytical models and simulations 
using packing density or co-ordination numbers of the pellets have been used to relate to 
bulk crushing strength. However, they have often relied on an idealised catalyst pellet 
geometry and packing [161, 162]. A significant problem for chemical engineers remains the 
increased pressure drop experienced across a catalyst bed reactor if many catalyst pellets 
suffer mechanical failure. If a significant fraction of the pellets fail, the packing density 
increases and hence flow is inhibited [135, 163]. This affects the local rate of catalysis and 
pressure drop across the pellet bed. This therefore means that a catalyst pellet needs to be 
designed through taking into account fluid flow and the mechanical stresses it experiences 
during operation [135, 164].   
 
In this chapter, x-ray microtomography (XMT) and finite element modelling (FEM) will be 
used to model the stresses experienced by titania based catalyst pellets within a tightly 
packed pellet bed reactor. This data will provide insight into how stresses are distributed 
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within titania based pellets, how mechanical failure can occur and if mechanical failure is 
likely at different positions within the pellet bed. 
5.2 Materials and Methods 
 
Tri-lobed titania based catalyst pellets were provided by Shell (STCA) used in this study. 
The catalysts are used in hydrocracking petroleum and are the same used in Chapter 4, 
sample T4. Typical pellet dimensions are ~1.5 mm diameter and ~5-8 mm in length. The 
pellets were dried, calcined before finally being loaded and activated as detailed in other 
work [87, 98]. During use in a reactor bed, the titania based catalyst pellets are heated to 
120 °C over two hours, then the temperature was raised to 580 °C over four hours. The 
catalyst pellets were investigated using XMT and finite element modelling (FEM) to 
understand the mechanical stresses they experienced. The results were compared against 
data of bulk titania properties [131, 137, 165-173] to evaluate the significance of stresses 
experienced in the reactor bed.     
5.2.1 X-ray Microtomography 
 
The catalyst pellets were loaded into a cylindrical glass vial with diameter 2.5 cm and 
height 10 cm. The pellets were shaken for 5 minutes using an ultrasonic bath to tightly pack 
them. X-ray microtomography (XMT) was carried out using a commercial laboratory based 
system (Phoenix, GmbH, Wunstorf, Germany) with a polychromatic beam. A total of 720 
projections were acquired at a beam energy of 80 keV and current of 80 μA using a two 
dimensional charge coupled detector with 24 bit image depth. The reconstruction was 
carried out using filtered back projection algorithms with ring-artifact removal in a manner 
described in other studies [108-110] with a voxel resolution of 25 μm. 
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5.2.2 Image Analysis 
 
Image analysis techniques had to be applied to the tomographic reconstruction. This was 
carried out in order to reduce noise and separate the catalyst pellets from both the space 
around them and glass vial. The procedure involved conversion of 3D grayscale datasets 
into 3D binarised files containing values of 0 or 1 depending if the voxel represented 
space/glass or catalyst pellet respectively based on a boundary value that best represents the 
catalyst pellets as observed in the original dataset. This thresholding and methodology was 
similar to techniques employed in prior studies [108-110].  
 
5.3.0 FE modelling and Considerations 
 
In order to model the stresses generated in the catalyst pellet bed as a result of heating a 
number of steps were undertaken. The data was imported into a commercial package 
(ScanIP, Simpleware Ltd., Exeter, UK) and regions of interest were selected using a flood-
fill mask algorithm. All the regions of interest were subsequently meshed using ScanFE 
(Simpleware Ltd., Exeter, UK). The meshes generated using ScanFE were robust with good 
morphological accuracy of complex geometries. Meshes were coarsened to 75 μm per 
voxel. Adaptive meshing, concentrating element density near surfaces was used to improve 
computational efficiency. Any meshed regions that were freely floating were removed. The 
meshes were exported for use in a finite element analysis (FEM) program (Abaqus, 
Simulia, Birchwood, UK) and titania properties assigned to the mesh. The properties of the 
titania are listed in Table 5.1 [169-174]. Electron tomography in Chapter 4 revealed some 
titania catalyst pellets that were highly sintered containing low (≤ 20 %) porosity, all at the 
nanoscale. As the titania pellets were also very homogenous, then for simplicity the bulk 
properties were normalised linearly. Alternative methods to this are detailed in other studies 
[131, 137, 148, 165-168]. This procedure was carried out for single pellets, a small pellet 
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bed region (edge length 3 mm), a larger pellet bed region (edge length 8 mm) and for 
different degrees of mesh coarsening.   
 
The first case tested used a single constrained pellet, raised to 580 °C to determine the 
stresses arising due to thermal expansion using parameters in Table 5.1 [169-174]. The 
pellet was constrained with nodes locked so no surface displacement could occur on the 
opposite cross-sectional tri-lobed faces. In the second case, this was repeated with nodes 
locked so no surface displacement could occur between the top and bottom faces 
perpendicular to the tri-lobe cross-section. In case 3, a three-point bend test on a single 
pellet was simulated with a load of 5 N applied midway between two sets of fixed nodes at 
20 °C to find the stress distribution within the pellet as a result of loading. For case 4, the 
effects of heating and packed geometry on pellet stresses were scaled for a small pellet bed 
region (edge length 3 mm) that was constrained on all 6 outer faces during heating to 
580 °C. In case 5, the same procedure for case 4 was repeated for a larger pellet bed region 
(edge length 8 mm) to diminish the influence the constrained 6 outer faces may have on the  
stresses experiences. It would also help ensure the volume was representative of the bulk 
behaviour and if stresses generated were the same as in case 4. For case 6, simulations of 
this volume were repeated using symmetrical boundary conditions during heating. The 
effect of carrying the weight of other pellets within the catalyst pellet bed was simulated 
through (i) freeing the top surface and fixing the bottom (i.e. being at the top of the catalyst 
bed) in case 7 or (ii) case 8, loading the top surface and fixing the bottom (i.e. under the 
weight of other pellets) while other surfaces have symmetrical boundary conditions.  
 
The simulations assume the catalyst bed is tightly packed and no slippage can occur, and 
additionally that heating is uniform across the volume analysed although this might vary 
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across the actual reactor bed (Figure 5.1). Real stresses may also be dissipated through 
limited movement within the actual pellet bed. Chemical degradation of the pellets is not 
considered. As the quality of the mesh can influence the results observed, the effect of mesh 
coarsening was simulated in case 9.  
 
Parameters Values  
Yield Stresses 
(Pa) 
Compressive: 5.4×108 
Tensile: 2.7×108 
Flexural Strength 
(Pa) 
3.4×108  
(1-1.4×108) 
Elasticity (Pa) 2.3×1011 
Coefficient of 
Thermal Expansion 
(K-1) (RT-1600 °C) 
9.0×10-6 
Poisson’s Ratio 2.7×10-1 
Density (kg/m3) 3.4×103 
Gravity (m/s2) 9.81 
Thermal 
Conductivity 
(Wm/K) 
11.7 at 25 °C 
 
Porosity 0.20 
Loading (N) in 
Case 3 
5  
Loading (N) in 
Case 7 
0 
Loading (N) in 
Case 8 
7 
 
Table 5.1: List of parameters used in simulation after [169-174] 
 
 
 135
 
 
Figure 5.1 (a) Typical catalyst pellet bed reactor (b) Randomly orientated tightly packed 3D pellet bed 
scanned using XMT and meshed for analysis 
 
5.4.0 Results and Discussion 
 
Crushed pellets have been shown to significantly reduce flow both internally within the 
pellet and on the reactor bed scale [135].There is a need to understand the stresses 
experienced by catalyst pellets and their likely cause of mechanical failure. Tomography 
and FEM results provide useful insight into these stresses and their distribution in a packed 
pellet bed. In this section, we will discuss results from a titania based catalyst pellet bed 
system. In Figure 5.2-Figure 5.12 the maximum principle stress is shown and is hereafter 
referred to as stress within the text.  
5.4.1 Case 1 – Single Pellet, constrained in extrusion direction 
 
In this case the behaviour of a single pellet under idealised loading cases both thermal and 
mechanical is simulated. The stresses and their distribution experienced by a single tri-
lobed cylindrical titania pellet following heating to 580 °C depend on the edges and faces 
that are constrained to movement. The resulting stresses are shown in Figure 5.2 if cross-
sectional faces on opposite ends of a typical pellet are unable to move. Both cross-sectional 
pelletsA 
B 
C 
D
Pellet Bed Scan
(~mm-cm) 
(b) (a) 
reactants products
2 m 
pellets 
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faces A and B experience entirely compressive stresses rising from 10-40 MPa in a lobe 
with the highest compression in the centre of the plane reaching up to 75 MPa. The outer 
rim of planes A and B also experience high compressive stresses reaching 60-90 MPa as it 
is fixed. The highest compressive stresses occur a few hundred microns under the centre of 
planes A and B rising from 75 MPa and reaching 90 MPa. A domed compressive region 
continues to extend into the pellet for ~1 mm from planes A and B with compressive 
stresses gradually dropping to < 10 MPa. The remainder of the pellet experiences barreling 
perpendicular to planes A and B resulting in tensile stresses in a manner similar to other 
studies [138, 175]. These gradually increase from >1 mm from planes A and B with the 
geometric centre of the pellet experiencing highest tension of 1.8-2 MPa. Most of the pellet 
outer surface between A to B remains in tension <<1 MPa with surface variations of the 
pellet causing small regions of small stress variations. 
 
Figure 5.2 Maximum Principle Stress distribution in a single pellet constrained on both ends and heated to 
580°C. Displacement x10. 
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5.4.2 Case 2 – Single Pellet, constrained perpendicular to 
extrusion direction 
 
The stress profiles following heating, when the top and bottom surfaces of the pellet are 
constrained are shown in Figure 5.3. Barreling occurs perpendicular to planes C and D. The 
largest compressive stresses reaching 270-300 MPa are in the lobe regions of fixed planes 
C and D. This compression decreases within a few hundred microns into the pellet bulk 
down to 8-10 MPa and further into the bulk stresses become tensile increasing to 9 MPa. 
Regions between two lobes and underneath plane C has more bulk material surrounding it 
and experiences an extended region of compression.  
 
Both the compressive and tensile stresses generated from the constraints in Figure 5.3 are 
3-4 times larger than those in Figure 5.2. In Figure 5.3 there is a larger constrained surface 
area and a significantly reduced surface area where the same total volume can expand.  
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Figure 5.3  Maximum Principle Stress distribution in a single pellet constrained on two sides heated to 
580°C. Displacement x10. 
 
 
5.4.3 Case 3 – Single Pellet, three point bend simulation 
 
 
The stresses generated following a simulated three point bend loading of 5 N located 
midpoint between points A and B are shown in Figure 5.4. The results are in good 
agreement with literature and experiment [131, 137, 165-174] where compressive failure 
occurs (> 540 MPa) and the flexural strength is 340 MPa. In a packed bed, loading of this 
type occurs in a similar manner as many parts of the tri-lobed pellet may be pinned. The 
bottom surface of the pellet experiences increasing tension reaching 40-50 MPa (region C) 
in the central region half way between points A and B. The tensile stresses decrease moving 
upwards into the bulk of the pellet from region C from 40-50 MPa down towards ~1 MPa. 
While stresses generated are elastic, regions near the surface and experiencing tensile 
stresses (e.g. region C 40-50 MPa) are vulnerable to Griffith flaws and thereby brittle 
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failure. Furthermore, any internal macropores/cracks already present in the bulk pellet and 
not within compressive regions (D) would also act as local stress concentrators potentially 
aiding failure. Areas near the surface and close to the loading point experience increased 
compression, between 80-140 MPa as the pellet bends. Compressive stresses then decease 
towards 20-30 MPa, with most compression being 1-8 MPa, all of which are significantly 
below those required for failure.  
 
Figure 5.4 Maximum Principle Stress distribution in a single pellet after subjected to a three point bend load 
of 5N in the centre between points A and B. Displacement is x10.  
 
Corresponding Fig. 
No 
Compressive Stresses 
(MPa) 1 
Tensile Stresses (MPa) 1 
5.7 46  17  
5.8 37  14  
5.9 22  57  
5.10 64  70  
1. Where average is taken from 50 nodal points selected at random for each respective case 
Table 5.2: Typical Maximum Principle Stress Values for Figure 5.7-Figure 5.10 
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5.4.4 Case 4 – Small REV Pellet Bed Simulation 
 
Following simulation of single pellets small representative volumes (REV) of the tightly 
packed pellet with a cubic edge lengths of 2 mm and 3 mm respectively was modeled and 
heated to 580 °C as shown in Figure 5.5-Figure 5.6. For an REV with cubic edge length 
2 mm, the pellet bed stress distribution is highly influenced by large regions of compression 
extending into the bulk as the sides were constrained (Figure 5.5). Most of the pellet bed 
remains in compression, with side walls being > 100 MPa and tension reaching ~10 MPa 
near the centre of the bed.  
 
 
Figure 5.5 Maximum Principle Stress distribution across a plane within a very small section of pellet bed 
with cubic edge length 2 mm constrained on all sides and heated to 580°C. The effect of constrained boundary 
walls is significant. Displacement x10 
 
Influence of the side walls is greatly reduced through using a larger REV with cubic edge 
length of 3 mm (Figure 5.6). Highest compressive stresses were found at the sides being 
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(> 100 MPa) as these faces were constrained. Similarly regions of high tensile stress 
(~400 MPa) were also present near the sides. Stresses closer to the centre of the pellet bed 
region are more representative as they are not constrained like the outer faces. Examining a 
central slice through the pellet bed (Figure 5.6), the pellet regions in contact with one 
another experience compressive forces ranging from 30-90 MPa. The compressive stresses 
may traverse the entire width of a pellet between two of these contact points. Typically 
tensile stresses are 1-8 MPa. Regions where pellets surfaces can expand more freely have 
tensile stresses ranging from 30 MPa up to 50 MPa. While compressive stresses within the 
small pellet bed are considerably less than 540 MPa required for failure, the tensile stresses 
are closer to the flexural strength of 140-340 MPa where brittle mechanical failure can 
occur.  
 
Figure 5.6 Maximum Principle Stress distribution across a plane within a small section of pellet bed edge 
with cubic edge length 3 mm constrained on all sides and heated to 580°C. Displacement x10 
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5.4.5 Case 5 – Larger REV Pellet Bed Simulation 
 
The stress distribution for a larger REV (model with cubic edge length 8 mm) following 
heating up to 580 °C across a tightly packed pellet bed volume where no wall movement 
can occur can be seen in Figure 5.7. The highest compressive stresses are on the side walls 
(>100 MPa) as they are constrained from movement. Likewise, regions of high tensile 
stresses also occur near the side walls. Closer to the centre of the pellet bed, stresses are 
expected to be more representative of bulk behaviour. A larger volume was simulated to 
diminish any influence the constrained walls may have in case 4 and verify stresses are 
representative of bulk behaviour. Comparing Figure 5.7 to Figure 5.6, in the central region 
of the pellet bed the peak tensile stress is 50 MPa in both cases. Likewise peak compressive 
stresses are ~ 90 MPa for both cases. The stresses generated in case 5 are the same as in 
case 4. Figure 5.7 shows immediate regions of contact between neighbouring pellets 
experience compressive stresses from 50 MPa up to 100 MPa. Further from neighbouring 
points of contact compressive stresses decrease to 10-20 MPa in the pellets. The 
compressive regions are also the most predominant regions for most pellets frequently 
traversing pellet widths or large sections of pellet length. The tensile stresses are 
comparatively low, typically 1-8 MPa. The tensile stresses are commonly present near the 
outer pellet surfaces. The results show most stresses (both compressive/tensile) are less 
than those needed for failure and agree with the previous REV size. 
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Figure 5.7 Maximum Principle Stress distribution across a plane within a pellet bed constrained on all sides 
and heated to 580°C. Displacement x10. 
 
5.4.6 Case 6 – REV Pellet Bed Simulation with symmetrical 
boundary conditions 
 
Using symmetrical boundary conditions it is possible to remove artificially generated side 
stresses as shown in Figure 5.8. The results show similar trends with Figure 5.7. 
Compressive stresses, typically occurring at points of pellet contact are similar only slightly 
reducing to 50-80 MPa. However, peak compressive stresses within the pellets have been 
significantly reduced almost by half (~10 MPa instead of ~20 MPa). Tensile regions are 
similar to Figure 5.7, typically 1-7 MPa with the peak stresses increasing in some regions.  
 
Tensile regions are still prevalent near the outer pellet surfaces with typical stresses 
1-7 MPa. In comparison to Figure 5.7 these tensile regions are now larger in size reflecting 
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the relaxation caused by removing the constrained boundary condition. There are some 
regions where tension has increased near pellet surfaces being 20 MPa and in a few cases 
reaching 70 MPa. Both compressive/tensile stresses are lower on average than those in 
Figure 5.7 (see Table 5.2) and are significantly lower than required for failure. The results 
therefore suggest, tensile stress concentration around small cracks within a pellet may cause 
mechanical failure below stresses required for yield; something this model does not 
eliminate. Nevertheless, the results do show failure is more likely to occur through tensile 
rather than compressive stresses, particularly as ceramics are very sensitive to Griffith flaws 
[139, 148].  
 
Figure 5.8 Maximum Principle Stress distribution across a plane within a pellet bed. Symmetrical boundary 
walls were used. Displacement x10. 
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5.4.7 Case 7 & 8 – REV Pellet Bed Simulation under different 
loading heights 
 
The stresses experienced by pellets at the very top of the catalyst pellet bed (case 7) are 
different to those experienced by pellets further down in case 8 as they are heated to 580 °C 
since the top is free from constraint. First, examining the top region (Figure 5.9), regions of 
compressive stresses are 10-40 MPa and a few regions 70 MPa. The majority of pellets in 
the bed experience tension between 20-60 MPa resulting from the ability of the top surface 
to rise. There are regions of high tension (200 MPa) whereas these pellets would have 
slipped/separated in effect. Therefore, some stresses within pellets would have been 
dissipated through movement. Figure 5.10 illustrates the stresses on a section of the pellet 
bed carrying the equivalent height of 5 m of pellets loaded on top of it across the whole 
surface and heated to 580 °C (case 8). Comparing this to Figure 5.9 at the top surface, the 
stresses in Figure 5.10 are greater (Table 5.2). Regions of compressive stress in the pellets 
are larger in size around 10-50 MPa, with many regions also reaching 90-100 MPa. This is 
particularly the case at contact points between pellets. In Figure 5.9 with the free surface, 
compressive stresses are smaller, no longer traverse many pellets and occur at localised 
points of contact.  As in Figure 5.9 many sections of the bed experience similar tensile 
forces, typically 20-40 MPa, but these regions have reduced in size in Figure 5.10. 
Furthermore under load, some localised regions and sections of the pellet experiencing the 
load directly have tensile stresses of > 90 MPa.   
 
In both Figure 5.9 and Figure 5.10, the mesh does not differentiate between individual 
pellets. While in a packed pellet bed movement is extremely difficult, it is possible for 
pellets to move independently, even if movement is limited. This is the likely cause for 
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regions of high tension (~200 MPa) in Figure 5.9 near the top surface and Figure 5.10 
under loading where pellets would have separated/moved. This is shown by Figure 5.11 
where a few local points of contact in the mesh have been removed from Figure 5.9 (case 
7). Both pellet beds show very similar stresses and distributions, however, the regions of 
high tension (~200 MPa) have decreased to ~20 MPa. Unfortunately, it is very difficult to 
separate and model the interactions of so many individual pellets together. Therefore, all 
the models presented here are illustrating an over-stressed condition and some stresses 
within the pellets would have been dissipated through movement. 
 
The results do illustrate most stresses are below those required for failure. Compressive 
stresses are unlikely to cause failure either near the top surface of the pellet bed or under 
loading. Tensile stresses are more likely to cause failure in both cases, ranging 20-60 MPa 
in Figure 5.9 and 20-40 MPa in Figure 5.10. This is particularly true under loading with 
some regions reaching 60-90 MPa or > 140 MPa, relatively closer to the flexural strength of 
340 MPa. This does suggest the influence of internal cracks within a pellet or Griffith flaws 
could lead to failure through tension as whereas the compressive forces experienced by the 
pellets are significantly below the required yield stress of 540 MPa.  
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Figure 5.9 Maximum Principle Stress distribution across a plane within a pellet bed and heated to 580°C. The 
top plane was free to move whereas the bottom remained fixed and symmetrical boundary walls were used for 
the remaining walls. Displacement x10. 
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Figure 5.10 Maximum Principle Stress distribution across a plane within a pellet bed and heated to 580°C. 
The load applied was equivalent carrying 5m height of pellets above. The bottom plane remained fixed and 
symmetrical boundary walls were used for the remaining walls. Displacement x10. 
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Figure 5.11 Maximum Principle Stress distribution across a plane within a pellet bed and heated to 580°C. 
Local points of contacts between pellets were removed. The top plane was free to move whereas the bottom 
remained fixed and symmetrical boundary walls were used for the remaining walls. Displacement x10. 
5.4.7 Mesh Coarsening 
 
The meshes used in the simulations were the densest that could be computationally handled 
and adaptive meshing was used with elements concentrated near surfaces. The element type 
used was C3D4T. The effect of mesh coarsening on a single pellet bed constrained on all 
sides and heated to 580 °C was carried out (Table 5.3). As the mesh was coarsened to 80 % 
of the original voxel size used in the simulations, no significant variation in results was 
seen. At 60 % of the original voxel size, compressive/tensile regions of the pellet are 
slightly reduced with some element averaging. However, at mesh coarsening below this the 
mesh coarsening becomes significant (Figure 5.12). There are many new points of contact 
are made or lost in the pellet bed and compressive/tensile stresses are averaged out. At 
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20 % or the original voxel size, there are no clearly recognisable features and boundary 
conditions dominate the volume. 
 
Voxel Size 
(µm) 
New voxel as  
% size of 
original voxel 
size used 
Compressive 
Stresses (MPa) 1 
Tensile Stresses 
(MPa) 1 
Element Type No. of 
Elements 
75 100 46  17  C3D4T 375000 
94 80 42 17 C3D4T 200000 
125 60 36 16 C3D4T 90000 
187 40 26 8 C3D4T 31000 
375 20 96  20 C3D4T 4000 
1. Where average is taken from 50 nodal points selected at random for each respective case 
Table 5.3: Typical Maximum Principle Stress Values for Mesh Coarsening 
 
 
Figure 5.12 Examples of effect of  large mesh coarsening at a) 40 % and (b) 20 % of original where pellet 
bed was constrained on all sides and heated to 580°C. Maximum Principle Stress is shown. Displacement 
x20. 
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5.4.8 Summary 
 
The results of stress distribution throughout the tightly packed pellet beds broadly agree 
with each other. Regions of contact were consistently compressive in nature and free/outer 
surfaces of the pellets experienced tension. Typical values of compressive/tensile stresses 
are displayed in Table 5.2. Removing constrained sides from Figure 5.7 allowed for greater 
stress relaxation in Figure 5.8 and generally reduced stresses within the pellets. 
Compressive regions often spread over many pellets for both cases. Free movement at the 
very top of the pellet bed reduced compressive stresses and increases tensile stresses. 
Conversely, adding a 5 m load height of pellets to the small section of pellet bed increased 
both compressive and tensile stresses. However, the pellet beds are over-stressed; some 
stresses would be dissipated in reality through some limited movement as shown by Figure 
5.11. 
 
All results did show compressive stresses are significantly lower than required to enable 
yielding. While most tensile stresses were also below the flexural stresses limit, they were 
comparatively larger. Furthermore tensile stresses occurred more readily on near pellet 
surfaces. If coupled with potential Griffith flaws or internal cracks within the pellet tensile 
failure could result even if the flexural stress limit has not been exceeded.  
 
 
 
 
 
 152
 
5.5.0 Conclusions 
 
X-ray Tomographic data (XMT) was used to simulate stresses arising in individual titania 
pellets and in their pellet beds as they were heated to 580 °C and under different loading 
conditions. Although the bed is loaded by its own weight and thermally expanded, the 
overall stresses are compressive, and significantly below those required for failure. The 
packing of the pellets pins some of them, leading to local tensile stresses and thereby a 
potential cause of pellet failure through existence of flaws that may initiate failure.    
 
The results described have demonstrated important findings in the following areas: 
(i) Pellets constrained lengthwise while heated experienced compressive/tensile 
stresses typically 3-4 times greater than those where the opposite cross-sectional 
faces were constrained. 
(ii) Three point bend loading demonstrated in agreement with literature with the top 
centre in compression (100 MPa) and lower outer surface in comparatively high 
tension (40-50 MPa).  
(iii) Pellet bed constrained on all sides and heated with cubic edge lengths 3 mm and 
8 mm produced similar trends for stresses and similar compressive/tensile 
values.  
(iv) Removal of side constraints through symmetric boundary conditions relaxed 
stresses. Contact points remained similar in compression at to 50-80 MPa, 
however, peak compressive stresses in the pellets themselves reduced by half to 
10 MPa instead of 20 MPa in the constrained pellet bed. Tensile regions are 
prevalent near outer pellet surfaces away from points of contact and are 1-7 MPa 
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with some regions ≥ 20MPa. These regions also occupy a larger region of the 
pellet bed since constraints have been removed. 
(v) Compressive stresses at the top of the pellet bed are reduced although tensile 
stresses were higher (20-60 MPa). When loaded under 5 m equivalent height of 
pellets, the pellet bed stresses increased in compression to 50-60 MPa and in 
tension to ~70 MPa. 
(vi) In reality some large stresses would be relieved through some limited movement 
of pellets. Therefore the model is in an over-stressed condition.  
(vii) For titania pellets all the results show similar order of magnitude for 
compressive/tensile stresses. Changes in boundary constraints and loading 
conditions did serve to change them. However, most contact points were 
compressive and free pellet surfaces tensile. In all cases, the stresses usually 
were below those required for yield. Compressive forces were significantly 
under yield stresses. Tensile stresses were closer to the failure criterion and 
tensile failure is therefore more likely. Given most tensile stresses occurred near 
free surfaces, it is reasonable to assume this type of failure might be aided 
through the existence of Griffith flaws on the pellet surface or small internal 
cracks within the pellets.   
  
The work clearly shows x-ray microtomography (XMT) and finite element (FEM) can be 
used to model stresses experienced by titania based catalyst pellets within a tightly packed 
pellet bed reactor. Mechanical failure of pellets causes pressure variations within reactor 
beds and increases diffusion distances molecules need to travel to/from an active site. The 
data provides insight into how stresses are distributed within titania based pellets, where the 
stresses are generated in a pellet bed, how large they are and if mechanical failure is likely 
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at different positions within the pellet bed. The results show tensile stresses are much more 
likely to be a cause of failure than compressive stresses that are generated. For industry it 
would be worthwhile considering different pellet designs that would both help in reducing 
tensile stresses and enable better flow such as spherical pellets. 
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Chapter 6 : Conclusions 
 
6.1 Overview 
 
Diminishing oil supplies and environmental concerns coupled with increasing energy 
demands has meant it is now essential that the efficiency with which petroleum products 
are made is high. One particularly important area involves improving functional materials 
such as heterogeneous catalyst pellets. Catalyst based pellets typify a material where 
functionality is dependant on pore structures across a large range of length scales, however, 
the work presented here can be used for the study of other functional materials.  Accurate 
studies of these porous pellet materials have been difficult (i) owing to their complex three 
dimensional geometry, (ii) and that their hierarchical pore structures span length scales 
from micrometers to nanometers in their size. It is the ability of molecules to flow both 
around catalyst pellets in a packed bed and to reach/leave active sites within the pellets that 
ultimately determines catalyst performance.  
 
In order to study these functional materials it is possible to use three dimensional imaging 
techniques such as tomography. However, in tomography the field of view often decreases 
with increasing resolution. Therefore, for the first time in this study, mulitscale tomography 
(MT) was used to circumvent this issue by combining x-ray microtomography (XMT), dual 
beam focused ion beam tomography (DBFIB) and electron tomography (ET) to probe 
hierarchical porous structures in pellet based catalyst.  
 
In this thesis, multiple 3D tomographic datasets of catalyst pellets were brought together 
across large length scales (from nanometers to industrial bed scale). Through using MT to 
integrate datasets with different resolutions and fields of view, it becomes possible to more 
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accurately represent pellet based catalysts as they function in 3D; without parts of the catalyst 
examined in isolation from one another. Thereby, this work shows useful quantitative 3D 
information can be gathered, the pellet based catalysts can be characterised and modelled to 
provide new insight into how they function across large orders of magnitude in scale. The work 
presented here has not been carried out before and is applicable towards the study of other 
functional materials where knowledge of both bulk and fine structure is required in 3D. The 
work helps in overcoming some of the issues in tomography, quantification and modeling 
across large length scales. Having characterised complex catalyst structures in 3D 
(Chapter 3), this data was used to model the flow/transport behaviour across length scales 
from tens of nanometers to the industrial pellet scale (Chapter 4), helping provide a more 
detailed understanding of catalyst pellet behaviour. As good quality fluid flow is necessary 
in a reactor bed the stresses experienced by pellets upon heating provide important 
understanding of potential failure causes (Chapter 5). The conclusions from each part of 
this study are presented in subsections below.  
  
6.2 Muliscale Tomography Applied to Porous Catalysts 
 
Multiscale tomography (MT) was carried out on two silica-alumina catalysts, S1 and S2 
prepared under calcination temperatures of 800 °C and 580 °C respectively in order to 
quantify their pore structures and understand what insights MT can provide for better 
tailoring of catalyst properties. The results were compared with the conventional standard, 
mercury intrusion porosimetry (MIP) carried out for the same series of catalysts. The 
results have shown important findings in the following areas: 
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 In carrying out MT, a new dual beam focused ion beam acquisition geometry was 
successfully employed that reduced uneven contrast in the images.  
 MIP is capable of producing pore size distribution curves, finding total porosity, 
detecting pores down to 3 nm diameter and suggests S1 and S2 both have bimodal 
pore structures centered on the ~1 μm and < 10 nm diameter length scales. Further 
insight is by MIP is restricted as it is an indirect measurement technique which 
relies on many assumptions. 
 MT was successfully shown as a viable technique by offering new insights into 
catalyst and quantifying pellet structure across very large length scales.  
  It was successfully shown to provide total porosities of S1 and S2, pore size 
distributions, aperture/interconnect size distributions, pore surface areas, statistical 
information, actual 3D pore geometry, spatial relationships and interconnectivity 
 MT unable to detect much porosity less than 10 nm diameter length scale. It was 
found that MIP does not accurately characterise all porosity as that small pores 
often do shield large and misses large scale porosity (> 1µm). MT is therefore a 
very valuable direct 3D imaging technique that allows both quantification and better 
understanding towards the transport properties of S1 and S2.  
  Catalyst S2 was found to have ~15-20 % more total porosity than S1 by both MIP 
and MT. MIP suggested bimodal pore distribution and suggested S2 to have more 
large porosity than S1. The MT results showed S1 and S2 to have large physical 
differences between their pore structures. Across length scales S1 possess smaller, 
more plate-like pore geometry whereas the larger, more open and interconnected 
pores of S2 reveal the difference caused by lower calcination temperatures. The 
total pore surface area of S2 found by MT was around twice that of S1. In addition, 
from MT both catalysts were found to have a more continuous distribution of pores 
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than suggested by MIP. Pore/aperture data from MT suggests S2 to have better 
transport properties than S1, as S2 possesses larger porous “highways” reducing 
diffusion distances molecules would have to travel to reach/leave an active site. 
 
6.3 Fluid Flow modeling across multiple length scales 
 
Multi-scale tomographic (MT) data was used to perform computational fluid dynamic 
simulations (CFD) of fluid flow through hierarchical pore structures. Two silica-alumina 
catalysts, S1 and S2 were prepared under sintering temperatures of 800 °C and 580 °C 
resulting in different total porosity, pore spatial relationships and pore geometry. The 
results were compared against physical experiments. Despite being produced for the same 
chemical reaction, they possess different molecular transport properties. Similarly, four 
titania based catalysts pellets used in hydrocracking petroleum produced with the same 
composition under different conditions were also probed using MT, modelled with CFD 
and compared against physical experiments. However, all the titania catalysts posses 
different transport properties although they were produced for the same chemical reaction. 
The results show: 
 
 It is possible to use MT and CFD to calculate permeability and scale it upwards 
through four orders of magnitude in length.  
 The lower calcination temperature of S2 (580 °C) results in less sintering than in S1 
(800 °C), twice the internal porous surface area and significantly better transport 
properties. 
 S2 consistently had higher permeability than S1 across all length scales by 1-2 
orders of magnitude. 
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 From coupling length scales it is evident S2 is less reliant on bulk fluid flow than 
S1. 
 The reaction rate of S2 would be less vulnerable to blockages within pores. 
 From coupling length scales, it is clear the influence of bulk flow becomes much 
more significant >>1 μm 
 The work clearly shows S2 has better molecular transport properties than S1. This 
can allow for better tailoring of catalyst pellet properties.  
 The work clearly shows S2 has better molecular transport properties than S1. This 
can allow for better prediction of catalyst behaviour and better tailoring of their 
properties.  
 Titania samples only have nanoscale porosity making them dependant on bulk 
transport and susceptible to pore blockages due to the absence of a larger scale pore 
network. 
 Larger porosity through coarsening helps significantly improve titania pellet 
transport properties as does increasing total sample porosity. The sample with the 
lowest porosity had comparatively lower permeability. 
 The model does not account for overlapping pore populations between different 
tomographic techniques.  
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6.4 Thermal and Mechanical Behaviour of catalyst pellets in 
packed beds 
 
X-ray Tomographic data (XMT) was used to simulate stresses arising in individual titania 
pellets and in their pellet beds as they were heated to 580 °C and under different loading 
conditions. The results provide information on stress distribution both within a pellet and a 
pellet bed: 
 
 Pellets constrained lengthwise while heated experienced compressive/tensile 
stresses typically 3-4 times greater than those where the opposite cross-sectional 
faces were constrained. 
 Three point bend loading demonstrated in agreement with literature with the top 
centre in compression (100 MPa) and lower outer surface in comparatively high 
tension (40-50 MPa).  
 For titania pellets all the results show similar trend with most contact points 
between pellets being compressive and free pellet surfaces tensile.  
 In reality some large stresses would be relieved through some limited movement of 
pellets. Therefore the model is in an over-stressed condition.  
 The work clearly shows x-ray microtomography (XMT) and finite element (FEM) 
can be used to model stresses experienced by titania based catalyst pellets within a 
tightly packed pellet bed reactor.  
 Although the bed is loaded by its own weight and thermally expanded, the overall 
stresses are compressive, and significantly below those required for failure. 
However, due to packing contact in a bed, some pellets are pinned and experience 
bending that can produce significant local tensile forces, close enough to initiate 
failure especially if Griffith flaw are present in the same region of the pellet.  
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 Mechanical failure of pellets causes pressure variations within reactor beds and 
increases diffusion distances molecules need to travel to/from an active site. The 
data provides insight into how stresses are distributed within titania based pellets, 
where the stresses are generated in a pellet bed, how large they are and if 
mechanical failure is likely at different positions within the pellet bed. 
 The results show tensile stresses are more likely to be a cause of failure than 
compressive stresses that are generated. For industry it would be worthwhile 
considering different pellet designs that would both help in reducing tensile stresses 
and enable better flow such as spherical pellets. 
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Chapter 7 : Future Work 
 
7.1 Future Potential  
 
The studies in this thesis using multiscale tomography (MT)  have provided a great 
understanding of pellet based catalysts across multiple length scales from behaviour in 
pellet beds (~ m) down to the effects of mesocale porosity on flow (~ nm). The MT study 
can be developed further to provide many exciting new insights in pellet based catalysts 
which are still currently unknown. These can be broken into a series of objectives that are 
useful to know in themselves, but equally important when combined. 
 
Objective 1:  
The current work has shown multiscale tomography (MT) and mercury porosimetry (MIP) 
can compliment each other. Useful quantitative information can be gathered and compared 
and short-comings in either MIP or MT can be overcome by the other technique. However, 
further experiments can be carried using electron tomography (ET) to investigate fine scale 
porosity < 10 nm.  Ultimately, it would be useful to be able to provide a constitutive 
correction factor to industrial MIP data of hierarchical pore structures in heterogeneous 
catalyst pellets. 
 
Objective 2:  
Furthermore, experiments with dual beam focused ion beam (DB-FIB) and ET can be used 
to chemically characterise the catalyst pellets. In doing so, this will provide the following 
advantages; firstly, the pore structures at multiple length scales can be related to the 
chemical makeup of the bulk material around them and secondly, active sites or regions of 
coking may be identified.     
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Objective 3:  
The permeability analysis can be improved using molecular dynamic simulations as the 
finest pores within a catalyst pellet are nanometers in size. Then, for the first time it would 
be possible to relate molecular dynamic simulations to real pore structures in pellet 
catalysts and scale this upwards to full pellet size. Knowing, the chemical makeup or 
having knowledge of the distribution of active sites using ET/DB-FIB would provide a 
critical insight into the development of catalyst pellets. The chemical reactions within the 
catalyst pellets could then be simulated, across multiple length scales.   
 
Objective 4:  
Nanoscale ET/DB-FIB tomography could be carried out with a large sample of catalyst 
pellets in order to understand nanoscale porosity changes resulting from different stages of 
sintering. This data could then be coupled upwards into macroscale XMT models of 
mechanical behaviour of the catalyst pellets. The effect of Griffith flaws on mechanical 
stability could also be analysed through XMT capture of comparatively large cracks (~ 
hundreds of microns) and modeled. Although pellet movement is very limited in a tightly 
packed bed, some movement can occur. This can be modelled through allowing pellets to 
slip or using discrete element analysis. Lastly, different pellet geometries could be 
investigated to suggest better alternatives for use. 
 
Using the results and methods in this dissertation a significant insight into understanding 
catalyst pellets across large length scales has been provided.  The current results provide an 
exciting basis for the next step of catalyst pellet development.  However, it is also possible 
to apply these MT techniques to other materials where functionality across multiple length 
scales is important to behaviour.   
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